Universal computation with limited resources: Belousov-Zhabotinsky and
  Physarum computers by Adamatzky, Andrew et al.
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 A
b
stra
ct  
 
U
sin
g
 th
e ex
am
p
les o
f an
 ex
citab
le ch
em
ical sy
stem
 (B
elo
u
so
v
-Z
h
ab
o
tin
sk
y
 m
e
d
iu
m
) an
d
 p
lasm
o
d
iu
m
 o
f 
P
h
ysa
ru
m
 p
o
lycep
h
a
lu
m
 w
e sh
o
w
 th
at u
n
iv
ersal co
m
p
u
tatio
n
 in
 a g
eo
m
etrically
 u
n
co
n
strain
ed
 m
ed
iu
m
 is 
o
n
ly
 p
o
ssib
le w
h
en
 reso
u
rces (ex
citab
ility
 o
r co
n
cen
tratio
n
 o
f n
u
trien
ts) are lim
ited
. In
 situ
atio
n
s o
f lim
ited
 
reso
u
rces th
e sy
stem
s stu
d
ied
 d
ev
elo
p
 trav
ellin
g
 lo
calizatio
n
s. T
h
e lo
calizatio
n
s are elem
en
tary
 u
n
its o
f 
d
y
n
a
m
ical lo
g
ical circu
its in
 co
llisio
n
-b
ased
 co
m
p
u
tin
g
 arch
itectu
res.  
 
K
ey
w
o
rd
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u
n
co
n
v
en
tio
n
al 
co
m
p
u
tin
g
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n
-b
ased
 
co
m
p
u
tin
g
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B
elo
u
so
v
-Z
h
ab
o
tin
sk
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P
h
ysa
ru
m
 p
o
lycep
h
a
lu
m
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In
tro
d
u
ctio
n
: a
rch
itectu
re-b
a
sed
 vs a
rch
itectu
re-less co
m
p
u
tin
g
 
 
T
h
e first th
o
u
g
h
ts o
n
 th
e im
p
le
m
en
tatio
n
 o
f co
m
p
u
tatio
n
al o
p
eratio
n
s w
ith
 p
attern
s p
ro
p
ag
ated
 in
 sp
atially
 
ex
ten
d
ed
 n
o
n
-lin
ear sy
stem
s d
ate b
ack
 to
 1
8
0
0
’s w
h
ere P
lateau
 ex
p
erim
en
ted
 w
ith
 th
e p
ro
b
lem
 in
v
o
lv
in
g
 th
e 
calcu
latio
n
 o
f th
e su
rface o
f sm
allest area b
o
u
n
d
ed
 b
y
 a g
iv
en
 clo
sed
 co
n
to
u
r in
 sp
ace [C
o
u
ran
t an
d
 R
o
b
in
s, 
1
9
4
1
] (th
e classical p
ro
b
lem
 o
f calcu
latin
g
 a m
in
im
al sp
an
n
in
g
 tree o
f p
lan
ar p
o
in
ts u
sin
g
 a so
ap
 film
).  
T
h
ese 
id
eas 
w
ere 
red
isco
v
ered
 
m
an
y
 
tim
es 
b
u
t 
m
o
stly
 
in
 
a 
fram
ew
o
rk
 
o
f 
th
eo
retical 
d
esig
n
 
o
f 
n
o
v
el 
alg
o
rith
m
s, o
f th
ese th
e g
rass fire tran
sfo
rm
atio
n
 [B
lu
m
, 1
9
6
8
; C
alab
i &
 H
artn
ett, 1
9
6
8
] is th
e m
o
st fam
o
u
s 
ex
am
p
le. 
In
 
1
9
9
0
’s 
th
e 
n
ew
 
field
 
o
f 
reactio
n
-d
iffu
sio
n
 
co
m
p
u
tin
g
 
–
 
co
m
p
u
tatio
n
 
w
ith
 
ex
citatio
n
 
an
d
 
d
iffu
siv
e w
av
es in
 tw
o
-d
im
en
sio
n
al ch
em
ical m
ed
ia --- w
as co
n
ceiv
ed
 in
 ex
p
erim
en
ts u
sin
g
 th
e B
elo
u
so
v
-
Z
h
ab
o
tin
sk
y
 
m
ed
iu
m
 
[K
u
h
n
ert 
&
 
A
g
lad
ze, 
1
9
8
9
; 
R
am
b
id
i, 
1
9
9
8
] 
an
d
 
p
recip
itatin
g
 
ch
em
ical 
sy
stem
s 
[T
o
lm
ach
iev
 &
 A
d
am
atzk
y
, 1
9
9
6
]. 
A
 reactio
n
-d
iffu
sio
n
 co
m
p
u
ter is a sp
atially
 ex
ten
d
ed
 ch
em
ical sy
stem
, w
h
ich
 p
ro
cess in
fo
rm
atio
n
 u
sin
g
 
in
teractin
g
 
g
ro
w
in
g
 
p
attern
s, 
ex
citab
le 
an
d
 
d
iffu
siv
e 
w
av
es 
[A
d
am
atzk
y
, 
2
0
0
1
; 
A
d
am
atzk
y
, 
D
e 
L
acy
 
C
o
stello
 &
 A
sai, 2
0
0
5
]. In
 reactio
n
-d
iffu
sio
n
 p
ro
cesso
rs, b
o
th
 th
e d
ata an
d
 th
e resu
lts o
f th
e co
m
p
u
tatio
n
 are 
en
co
d
ed
 
as 
co
n
cen
tratio
n
 p
ro
files o
f th
e 
reag
en
ts. T
h
e 
co
m
p
u
tatio
n
 is 
p
erfo
rm
ed
 
v
ia 
th
e sp
read
in
g
 
an
d
 
in
teractio
n
 o
f w
av
e fro
n
ts. R
eactio
n
-d
iffu
sio
n
 ch
em
ical p
ro
cesso
rs are n
o
w
 `classical’ ex
am
p
les o
f n
o
n
-
lin
ear m
ed
iu
m
 co
m
p
u
ters. 
A
 n
o
n
-lin
ear m
ed
iu
m
 p
ro
cesso
r can
 b
e eith
er sp
ecialised
 o
r g
en
eral-p
u
rp
o
se (u
n
iv
ersal). A
 sp
ecialized
 
p
ro
cesso
r is b
u
ilt to
 so
lv
e o
n
ly
 o
n
e p
articu
lar p
ro
b
lem
, p
o
ssib
ly
 w
ith
 d
ifferen
t d
ata sets an
d
 w
ith
 v
ariatio
n
s in
 
th
e in
terp
retatio
n
 o
f th
e resu
lts. S
p
ecialised
 co
m
p
u
tin
g
 d
ev
ices are q
u
ite h
an
d
y
 w
h
en
 w
e d
eal w
ith
 im
ag
e 
p
ro
cessin
g
, 
p
ro
b
lem
s 
o
f 
m
ath
em
atical 
m
o
rp
h
o
lo
g
y
, 
o
r 
co
m
p
u
tatio
n
 
o
n
 
g
rap
h
s 
[A
d
am
atzk
y
, 
2
0
0
1
; 
A
d
am
atzk
y
, D
e L
acy
 C
o
stello
, A
sai, 2
0
0
5
]. A
 d
ev
ice is called
 co
m
p
u
tatio
n
ally
 u
n
iv
ersal if it co
m
p
u
tes a 
fu
n
ctio
n
ally
 co
m
p
lete set o
f lo
g
ical o
p
eratio
n
s. T
o
 p
ro
v
e a m
ed
iu
m
's u
n
iv
ersality
 o
n
e m
u
st rep
resen
t q
u
an
ta 
o
f in
fo
rm
atio
n
, ro
u
tes o
f in
fo
rm
atio
n
 tran
sm
issio
n
 an
d
 lo
g
ical g
ates, w
h
ere in
fo
rm
atio
n
 q
u
an
ta are p
ro
cesses, 
in
 states o
f th
e g
iv
en
 sy
stem
. T
h
is can
 b
e d
o
n
e in
 tw
o
 w
ay
s: arch
itectu
re-b
ased
 an
d
 arch
itectu
re-less. 
A
n
 
arch
itectu
re-b
ased
, 
o
r 
statio
n
ary
, 
co
m
p
u
tatio
n
 im
p
lies 
th
at 
a lo
g
ical 
circu
it is 
em
b
ed
d
ed
 
in
to
 th
e 
sy
stem
 in
 su
ch
 a m
an
n
er th
at all elem
en
ts o
f th
e circu
it are rep
resen
ted
 b
y
 th
e sy
stem
's statio
n
ary
 states. T
h
e 
arch
itectu
re 
is 
static. 
If 
th
ere 
is 
an
y
 
k
in
d
 
o
f 
'artificial' 
o
r 
'n
atu
ral' 
co
m
p
artm
e
n
talisatio
n
 
th
e 
m
ed
iu
m
 
is 
classified
 as an
 arch
itectu
re-b
ased
 co
m
p
u
tin
g
 d
ev
ice. P
erso
n
al co
m
p
u
ters, liv
in
g
 n
eu
ral n
etw
o
rk
s, cells, an
d
 
n
etw
o
rk
s o
f ch
em
ical reacto
rs are ty
p
ical ex
am
p
les o
f arch
itectu
re-b
ased
 co
m
p
u
ters. U
n
til v
ery
 recen
tly
 
m
o
st 
ex
p
erim
en
tal 
realizatio
n
s 
o
f 
ch
em
ical 
co
m
p
u
ters 
w
ere 
b
ased
 
o
n
 
g
eo
m
etrically
 
co
n
strain
ed
 
m
ed
ia: 
A
d
am
atzk
y
, D
e L
acy
 C
o
stello
, S
h
irak
aw
a 
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 w
av
es p
ro
p
ag
ate in
 ch
an
n
els an
d
 in
teract at th
e ju
n
ctio
n
s b
etw
een
 th
e ch
an
n
els. T
h
e ap
p
ro
ach
 is p
ractical b
u
t 
also
 
acts 
as 
a 
cu
l-d
e-sac 
o
f 
n
o
v
el 
co
m
p
u
tin
g
, 
b
ecau
se 
it 
is 
sim
p
ly
 
an
 
im
p
lem
en
tatio
n
 
o
f 
co
n
v
en
tio
n
al 
co
m
p
u
ter arch
itectu
res in
 n
ew
 m
aterials. 
T
h
e id
eas o
f co
llid
in
g
 sig
n
als w
ere estab
lish
ed
 in
 an
 au
to
m
ata fram
ew
o
rk
 in
 aro
u
n
d
 1
9
6
5
, in
 cellu
lar 
au
to
m
ato
n
 alg
o
rith
m
s fo
r m
u
ltip
licatio
n
 [A
tru
b
in
, 1
9
6
5
] an
d
 g
en
eratio
n
 o
f p
rim
e n
u
m
b
ers [F
ish
er, 1
9
6
5
]. In
 
1
9
8
2
 B
erlek
am
p
 [1
9
8
2
], C
o
n
w
ay
 an
d
 G
ay
 [1
9
8
2
] p
ro
v
ed
 th
at th
e G
am
e o
f L
ife cellu
lar au
to
m
ato
n
 can
 
im
itate a T
u
rin
g
 m
ach
in
e. N
early
 at th
e sam
e tim
e F
red
k
in
 an
d
 T
o
ffo
li [1
9
7
8
] sh
o
w
ed
 h
o
w
 to
 d
esig
n
 a n
o
n
-
d
issip
ativ
e co
m
p
u
ter th
at co
n
serv
es th
e p
h
y
sical q
u
an
tities o
f lo
g
ical sig
n
al en
co
d
in
g
 an
d
 in
fo
rm
atio
n
 in
 th
e 
p
h
y
sical m
ed
iu
m
. T
h
ey
 fu
rth
er d
ev
elo
p
ed
 th
ese id
eas in
 th
e co
n
serv
ativ
e lo
g
ic [F
red
k
in
 &
 T
o
ffo
li 1
9
8
2
], a 
n
ew
 ty
p
e o
f lo
g
ic w
ith
 rev
ersib
le g
ates. T
h
u
s, a co
n
cep
t o
f co
m
p
u
tin
g
 th
at ex
p
lo
res elastic co
llisio
n
s w
ith
 
b
alls an
d
 fix
ed
 reflecto
rs ─
 th
e b
illiard
 b
all m
o
d
el (B
B
M
) w
as estab
lish
ed
 in
 w
h
ich
 th
ey
 d
em
o
n
strated
 th
at 
g
iv
en
 a co
n
tain
er w
ith
 b
alls it is p
o
ssib
le to
 im
p
lem
en
t an
y
 k
in
d
 o
f co
m
p
u
tatio
n
, i.e. th
ey
 d
em
o
n
strated
 th
e 
lo
g
ical u
n
iv
ersality
 o
f th
e B
B
M
. T
h
e B
B
M
 h
as b
een
 in
g
en
io
u
sly
 im
p
le
m
en
ted
 in
 2
D
 cellu
lar au
to
m
ata b
y
 
M
arg
o
lu
s [1
9
8
4
].  
A
 
co
llisio
n
-b
ased
, 
o
r 
d
y
n
am
ical, 
co
m
p
u
tatio
n
 
em
p
lo
y
s 
m
o
b
ile 
co
m
p
act 
fin
ite 
p
attern
s, 
m
o
b
ile 
self-
lo
calized
 ex
citatio
n
s [A
d
am
atzk
y
, 2
0
0
4
; D
e L
acy
 C
o
stello
 &
 A
d
am
atzk
y
, 2
0
0
5
] o
r sim
p
ly
-lo
calizatio
n
s, in
 
activ
e n
o
n
-lin
ear m
ed
iu
m
. T
h
e lo
calisatio
n
s trav
el in
 sp
ace an
d
 co
m
p
u
tatio
n
 o
ccu
rs w
h
en
 th
ey
 co
llid
e w
ith
 
each
 o
th
er. T
h
e essen
tial featu
res o
f co
llisio
n
-b
ased
 co
m
p
u
tin
g
 are as fo
llo
w
s. In
fo
rm
atio
n
 v
alu
es (e.g
. tru
th
 
v
alu
es o
f lo
g
ical v
ariab
les) are g
iv
en
 b
y
 eith
er ab
sen
ce o
r p
resen
ce o
f th
e lo
calisatio
n
s o
r o
th
er p
aram
eters o
f 
th
e lo
calisatio
n
s. T
h
e lo
calisatio
n
s trav
el in
 sp
ace an
d
 co
m
p
u
tatio
n
 o
ccu
rs w
h
en
 th
ey
 co
llid
e w
ith
 each
 o
th
er. 
T
h
ere are n
o
 p
red
eterm
in
ed
 statio
n
ary
 w
ires (a trajecto
ry
 o
f th
e trav
ellin
g
 p
attern
 is a tran
sien
t w
ire). A
lm
o
st 
an
y
 p
art o
f th
e m
ed
iu
m
 sp
ace can
 b
e u
sed
 as a w
ire. L
o
calisatio
n
s can
 co
llid
e an
y
w
h
ere w
ith
in
 a sp
ace 
sam
p
le, th
ere are n
o
 fix
ed
 p
o
sitio
n
s at w
h
ich
 sp
ecific o
p
eratio
n
s o
ccu
r, n
o
r lo
catio
n
 sp
ecified
 g
ates w
ith
 
fix
ed
 
o
p
eratio
n
s. 
T
h
e 
lo
calisatio
n
s 
u
n
d
erg
o
 
tran
sfo
rm
atio
n
s 
(e.g
. 
ch
an
g
e 
v
elo
cities, 
fo
rm
 
b
o
u
n
d
 
states, 
an
n
ih
ilate o
r fu
se w
h
en
 th
ey
 in
teract w
ith
 o
th
er m
o
b
ile p
attern
s. In
fo
rm
atio
n
 v
alu
es o
f lo
calisatio
n
s are 
tran
sfo
rm
ed
 as a resu
lt o
f co
llisio
n
 an
d
 th
u
s a co
m
p
u
tatio
n
 is im
p
lem
en
ted
 [A
d
am
atzk
y
, 2
0
0
3
]. 
L
o
calizatio
n
s in
 ex
citab
le ch
em
ical m
ed
ia are v
ery
 sen
sitiv
e o
b
jects: th
ey
 stay
 lo
calized
 fo
r a v
ery
 sh
o
rt 
tim
e an
d
 th
en
 eith
er ex
p
an
d
 o
r co
llap
se, th
ey
 are h
ig
h
ly
 sen
sitiv
e to
 th
e p
h
y
sical co
n
d
itio
n
s o
f th
e m
ed
iu
m
, 
an
d
, in
 p
rin
cip
le, n
o
t easy
 to
 g
en
erate an
d
 p
u
rp
o
sefu
lly
 d
irect th
eir m
o
tio
n
 [T
o
th
 et al., 2
0
0
7
]. F
o
r th
is reaso
n
 
w
e h
av
e started
 to
 lo
o
k
 fo
r a feasib
le altern
ativ
e to
 ch
em
ical lo
calizatio
n
s, an
d
 tried
 to
 lo
cate a n
o
n
-lin
ear 
m
ed
iu
m
 p
rim
itiv
e en
o
u
g
h
 to
 b
e d
escrib
ed
 b
y
 b
asic ru
les o
f reactio
n
 an
d
 d
iffu
sio
n
, ex
h
ib
itin
g
 rich
 d
y
n
am
ics 
o
f lo
calizatio
n
s an
d
 stab
le en
o
u
g
h
 to
 su
p
p
o
rt th
e lo
calizatio
n
s fo
r a su
b
stan
tial p
erio
d
 o
f tim
e. E
n
cap
su
latin
g
 
a reactio
n
-d
iffu
sio
n
 ch
em
ical sy
stem
 in
 a m
e
m
b
ran
e w
o
u
ld
 certain
ly
 stab
ilize its b
eh
av
io
u
r.  
T
h
u
s w
e h
av
e co
m
e to
 th
e co
n
clu
sio
n
 th
at a v
eg
etativ
e state, o
r p
lasm
o
d
iu
m
, o
f P
h
ysa
ru
m
 p
o
lycep
h
a
lu
m
 
is to
 d
ate th
e b
est rep
resen
tatio
n
 o
f a n
o
n
-lin
ear m
ed
iu
m
 en
cap
su
lated
 in
 an
 elastic m
e
m
b
ran
e.  In
 th
e p
resen
t 
p
ap
er w
e co
m
p
are th
e b
eh
av
io
u
r an
d
 fu
n
ctio
n
ality
 o
f lo
calizatio
n
s in
 th
e B
elo
u
so
v
-Z
h
ab
o
tin
sk
y
 reactio
n
 an
d
 
also
 a p
lasm
o
d
iu
m
 o
f P
. p
o
lycep
h
a
lu
m
 in
 o
rd
er to
 ev
alu
ate th
e p
lasm
o
d
iu
m
’s su
itab
ility
 fo
r co
llisio
n
-b
ased
 
u
n
iv
ersal 
co
m
p
u
tin
g
. 
W
e 
also
 
sp
ecify
 
th
e 
b
asic 
co
n
d
itio
n
s 
o
f 
a 
n
o
n
-lin
ear 
m
ed
iu
m
 
w
h
ich
 
lead
 
to
 
th
e 
em
erg
en
ce o
f lo
calizatio
n
s. 
T
h
e p
ap
er is stru
ctu
red
 as fo
llo
w
s. S
ectio
n
 2
 d
em
o
n
strates h
o
w
 ex
citab
ility
 affects m
o
rp
h
o
lo
g
y
 o
f w
a
v
e-
fro
n
ts 
in
 
d
iscrete 
ex
citab
le 
lattices. 
E
m
erg
en
ce 
o
f 
lo
calized
 
w
av
e-frag
m
en
ts 
in
 
a 
n
u
m
erical 
m
o
d
el 
o
f 
ex
citab
le ch
em
ical sy
stem
s is d
iscu
ssed
 in
 S
ect. 3
. E
x
p
erim
en
tal resu
lts o
n
 d
ev
elo
p
m
en
t o
f lo
calizatio
n
s in
 
p
lasm
o
d
iu
m
 o
f P
h
ysa
ru
m
 p
o
lycep
h
a
lu
m
 are p
ro
v
id
ed
 in
 S
ect. 4
.C
o
m
p
arativ
e an
aly
sis o
f lo
calizatio
n
s fro
m
 
an
 u
n
co
n
v
en
tio
n
al co
m
p
u
tin
g
 p
o
in
t o
f v
iew
 is p
ro
p
o
sed
 in
 S
ect. 5
.  
U
n
iv
ersal co
m
p
u
tatio
n
 w
ith
 lim
ited
 reso
u
rces: B
elo
u
so
v
-Z
h
ab
o
tin
sk
y
 an
d
 P
h
y
saru
m
 co
m
p
u
ters (2
0
0
7
) 
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2
. 
L
o
ca
liza
tio
n
s o
n
 d
iscrete ex
cita
b
le la
ttices  
 A
s h
av
e b
een
 alread
y
 o
u
tlin
ed
 in
 o
u
r p
rev
io
u
s w
o
rk
 (see rev
iew
 in
 [A
d
am
atzk
y
, 2
0
0
1
]) lo
calizatio
n
s in
 
ex
citab
le lattices em
erg
e at th
e n
arro
w
 zo
n
e o
f ex
citab
ility
, ju
st n
ear th
e th
resh
o
ld
 o
f ex
citab
ility
.  
C
o
n
sid
er 
tw
o
-d
im
en
sio
n
al 
ex
citab
le 
lattice, 
w
h
ere 
ev
ery
 
site 
tak
es 
th
ree 
states: 
restin
g
, 
ex
cited
 
an
d
 
refracto
ry
. A
ll sites u
p
d
ate th
eir states in
 p
arallel. A
 restin
g
 site b
eco
m
es ex
cited
 d
ep
en
d
in
g
 o
n
 th
e n
u
m
b
er o
f 
ex
cited
 n
eig
h
b
o
u
rs in
 its 8
-site n
eig
h
b
o
u
rh
o
o
d
. T
ran
sitio
n
s fro
m
 ex
cited
 to
 refracto
ry
 an
d
 fro
m
 refracto
ry
 to
 
restin
g
 are u
n
co
n
d
itio
n
al, th
ey
 tak
e p
lace in
d
ep
en
d
en
tly
 o
n
 th
e n
eig
h
b
o
u
rh
o
o
d
 co
n
fig
u
ratio
n
s. In
 su
ch
 a 
m
o
d
el lo
calizatio
n
s em
erg
e w
h
en
 ev
ery
 restin
g
 site b
eco
m
es ex
cited
 o
n
ly
 if it h
as tw
o
 n
eig
h
b
o
u
rs in
 th
e 
ex
cited
 state (see ex
am
p
le sn
ap
sh
o
t o
f th
e m
ed
iu
m
 in
 F
ig
. 1
). A
 ty
p
ical lo
calizatio
n
 h
as tw
o
 ex
cited
 an
d
 tw
o
 
refracto
ry
 states, e.g
. th
e lo
calizatio
n
 
+
+
−
−
 is trav
ellin
g
 S
o
u
th
. In
 th
is ex
am
p
le ex
citab
ility
 is lim
ited
 ‘fro
m
 
ab
o
v
e’, i.e. th
e n
u
m
b
er o
f ex
cited
 n
eig
h
b
o
u
rs cap
ab
le o
f ex
citin
g
 a restin
g
 cell is cap
p
ed
 b
y
 tw
o
. If w
e w
o
u
ld
 
allo
w
 a restin
g
 state to
 tak
e ex
cited
 state if th
e n
u
m
b
er o
f n
eig
h
b
o
u
rs sim
p
ly
 ex
ceed
ed
 tw
o
, th
en
 ‘classical’ 
circu
lar an
d
 targ
et w
av
es w
o
u
ld
 em
erg
e in
 th
e ex
citab
le lattice.  
A
 
g
ro
w
th
 
sim
ilar 
to
 
an
 
am
o
eb
o
id
 
can
 
b
e 
im
itated
 
in
 
a 
th
ree-state, 
eig
h
t-cell 
n
eig
h
b
o
u
rh
o
o
d
, 
tw
o
-
d
im
en
sio
n
al cellu
lar au
to
m
ato
n
 w
h
ere an
 ex
cited
 cell d
o
es n
o
t n
ecessarily
 tak
e th
e refracto
ry
 state, th
e so
-
called
 m
o
d
el o
f retain
ed
 ex
citatio
n
 [A
d
am
atzk
y
, 2
0
0
7
]. In
 th
is cellu
lar au
to
m
ato
n
 ev
ery
 cell tak
es restin
g
, 
ex
cited
 an
d
 refracto
ry
 states. A
ll cells u
p
d
ate th
eir states sim
u
ltan
eo
u
sly
, in
 d
iscrete tim
e an
d
 d
ep
en
d
in
g
 o
n
 
th
e states o
f th
eir clo
sest n
eig
h
b
o
u
rs.  
A
 restin
g
 cell m
ak
es th
e tran
sitio
n
 to
 an
 ex
cited
 state if th
e n
u
m
b
er o
f ex
cited
 n
eig
h
b
o
u
rs b
elo
n
g
s to
 th
e 
ex
citatio
n
 in
terv
al   
]
,
[
2
1
θ
θ
. A
n
 ex
cited
 cell rem
ain
s ex
cited
 if th
e n
u
m
b
er o
f ex
cited
 n
eig
h
b
o
u
rs b
elo
n
g
s to
 
th
e 
in
terv
al 
]
,
[
2
1
δ
δ
 o
f 
ex
citatio
n
 
reten
tio
n
. 
E
ach
 
ru
le 
th
erefo
re 
can
 
b
e 
d
escrib
ed
 
as 
a 
tu
p
le 
)
,
,
,
(
2
1
2
1
δ
δ
θ
θ
R
. 
In
 
th
e 
lo
cal 
tran
sitio
n
 
ru
les 
sp
ace 
w
e 
h
av
e 
lo
cated
 
[A
d
am
atzk
y
, 
2
0
0
7
] 
th
e 
d
o
m
ain
 
)
,
,3
,3
(
2
1
δ
δ
R
, 
]
3,
1[
1 ∈
δ
 an
d
 
]
8,
5[
2 ∈
δ
, 
w
h
ere 
ru
les 
su
p
p
o
rt 
g
ro
w
th
 
o
f 
n
o
n
-u
n
ifo
rm
 
p
attern
s, 
w
ith
 
so
m
etim
es articu
lated
 d
irectio
n
ality
.  
In
 cellu
lar au
to
m
ata g
o
v
ern
ed
 b
y
 fu
n
ctio
n
s fro
m
 
)
,
,3
,3
(
2
1
δ
δ
R
. A
s d
em
o
n
strated
 in
 F
ig
. 2
, an
 in
itially
 
circu
lar d
o
m
ain
 o
f stim
u
latio
n
 is tran
sfo
rm
ed
 to
 an
 asy
m
m
etric an
d
 irreg
u
larly
 g
ro
w
in
g
 p
attern
. T
h
e g
ro
w
th
 
rate 
o
f 
d
ifferen
t 
p
arts 
o
f 
su
ch
 
co
n
fig
u
ratio
n
s 
v
aries 
sig
n
ifican
tly
, 
b
etw
een
 
0
.2
 
an
d
 
1
.0
. 
T
h
is 
cau
ses 
a 
m
o
rp
h
o
lo
g
ical h
etero
g
en
eity
. W
av
e
-fro
n
ts are su
b
d
iv
id
ed
 o
n
to
 p
seu
d
o
p
o
d
ia-lik
e g
ro
w
in
g
 d
o
m
ain
s. In
 m
an
y
 
cases d
irected
, o
r alm
o
st d
irected
, g
ro
w
th
 o
f p
seu
d
o
p
o
d
ia is g
u
id
ed
 b
y
 sm
all tip
s. In
 so
m
e cases th
e g
ro
w
in
g
 
tip
s co
n
sist o
f ex
cited
 an
d
 refracto
ry
 states (F
ig
. 3
a), an
d
 in
 o
th
er cases th
e tip
 is co
m
p
rised
 o
f ex
cited
 states 
o
n
ly
 (F
ig
. 3
b
-c). In
crease o
f th
e u
p
p
er b
o
u
n
d
ary
 
2
δ
  o
f th
e ex
citatio
n
 reten
tio
n
 in
terv
al red
u
ces b
ran
ch
in
g
, 
w
h
ile in
crease o
f th
e lo
w
er b
o
u
n
d
ary
, 
1
δ
, co
m
p
resses g
ro
w
in
g
 p
attern
s. In
 cases o
f a v
ery
 w
id
e in
terv
al o
f 
ex
citatio
n
 reten
tio
n
, 
8
2
=
δ
, th
e ro
le o
f refracto
ry
 states d
im
in
ish
es  [A
d
am
atzk
y
, 2
0
0
7
a]. 
W
e 
d
em
o
n
strated
 
th
at 
in
 
a 
cellu
lar 
au
to
m
ato
n
 
m
o
d
el 
o
f 
a 
sy
stem
 
w
ith
 
v
ery
 
lim
ited
 
ex
citab
ility
 
o
f 
elem
en
ts co
u
p
led
 w
ith
 th
eir restricted
 ab
ilities to
 stay
 ex
cited
, am
o
eb
o
id
 p
attern
s d
ev
elo
p
, w
ith
 articu
lated
 
g
ro
w
th
-p
o
in
ts an
d
 p
seu
d
o
p
o
d
ia-lik
e ex
cesses.  
In
 b
o
th
 p
rev
io
u
sly
 d
iscu
ssed
 cases w
e d
em
o
n
strated
 th
a
t a
 m
o
b
ile lo
ca
liza
tio
n
 em
erg
es in
 a
 d
iscrete 
excita
b
le la
ttice o
n
ly if th
e excita
b
ility o
f th
e la
ttice sites is a
t th
e th
resh
o
ld
 level a
n
d
 lim
ited
 fro
m
 a
b
o
ve   
(i.e. to
o
 m
u
ch
 ex
citatio
n
 in
 a restin
g
 site’s  n
eig
h
b
o
u
rh
o
o
d
  p
rev
en
ts th
e restin
g
 site fro
m
 b
eco
m
in
g
 ex
cited
).  
T
h
is 
fin
d
in
g
 
p
erfectly
 
co
rrelates 
w
ith
 
o
u
r 
recen
t 
co
m
p
u
tatio
n
al 
ex
p
erim
en
ts 
o
n
 
ev
o
lv
in
g
 
reactio
n
-
d
iffu
sio
n
 cellu
lar au
to
m
ata su
p
p
o
rtin
g
 lo
calizatio
n
s [A
d
am
atzk
y
 et al., 2
0
0
7
]. W
e stu
d
ied
 h
ex
ag
o
n
al cellu
lar 
au
to
m
ata w
ith
 im
m
ed
iate cell n
eig
h
b
o
u
rh
o
o
d
 an
d
 th
ree cell-states {
A
, B
, S
}
, w
h
ere states A
 an
d
 B
 rep
resen
t 
q
u
asi-ch
em
ical 
reactan
ts 
an
d
 
S
 
is 
a 
q
u
iescen
t 
state, 
o
r 
a 
su
b
strate. 
E
v
ery
 
cell 
calcu
lates 
its 
n
ex
t 
state 
d
ep
en
d
in
g
 o
n
 th
e in
teg
ral rep
resen
tatio
n
 o
f states in
 its n
eig
h
b
o
u
rh
o
o
d
, i.e. h
o
w
 m
an
y
 n
eig
h
b
o
u
rs are in
 each
 
o
f 
th
e 
states. 
S
u
ch
 
a 
tran
sitio
n
 
ru
le 
is 
so
m
ew
h
at 
an
alo
g
o
u
s 
to
 
a 
q
u
asi-ch
em
ical 
reactio
n
:  
cS
b
B
a
A
B
A
+
+
→
+
β
α
w
h
ere 
7
≤
+
β
α
an
d
 
1
=
+
+
c
b
a
. W
e h
av
e em
p
lo
y
ed
 ev
o
lu
tio
n
ary
 alg
o
rith
m
s 
[S
ap
in
 et al., 2
0
0
7
] to
 b
reed
 lo
cal tran
sitio
n
 fu
n
ctio
n
s th
at su
p
p
o
rt m
o
b
ile lo
calizatio
n
s, an
d
 ch
aracterize sets 
o
f th
e fu
n
ctio
n
s selected
 (F
ig
. 4
).  
A
n
aly
sis o
f th
e set o
f fu
n
ctio
n
s ev
o
lv
ed
 allo
w
ed
 u
s to
 sp
ecu
late th
at m
o
b
ile lo
ca
liza
tio
n
s a
re likely to
 
em
erg
e 
in
 
th
e 
q
u
a
si-ch
em
ica
l 
system
s 
w
ith
 
lim
ited
 
d
iffu
sio
n
 
o
f 
o
n
e 
rea
g
en
t, 
w
h
ere 
a
 
sm
a
ll 
n
u
m
b
er 
o
f 
A
d
am
atzk
y
, D
e L
acy
 C
o
stello
, S
h
irak
aw
a 
 
4
 
 m
o
lecu
les 
a
re 
req
u
ired
 
fo
r 
a
m
p
lifica
tio
n
 
o
f tra
vellin
g
 
lo
ca
liza
tio
n
s, 
a
n
d
 rea
ctio
n
s lea
d
in
g
 to
 sta
tio
n
a
ry 
lo
ca
liza
tio
n
s in
vo
lve rela
tively eq
u
a
l a
m
o
u
n
ts o
f q
u
a
si-ch
em
ica
l sp
ecies [A
d
am
atzk
y
 et al., 2
0
0
7
]. 
W
e d
o
 n
o
t o
ffer ex
am
p
les o
f lo
g
ical g
ates realizab
le w
ith
 co
llid
in
g
 d
iscrete lo
calizatio
n
s b
ecau
se th
ere is 
an
 ab
u
n
d
an
ce o
f ex
am
p
les in
 [A
d
am
atzk
y
, 2
0
0
1
].  
  
3
. 
T
ra
v
ellin
g
 lo
ca
liza
tio
n
s in
 ch
em
ica
l m
ed
ia
: B
elo
u
so
v
-Z
h
a
b
o
tin
sk
y
 rea
ctio
n
 
  T
y
p
ically
 in
 a sp
atially
 ex
ten
d
ed
 B
elo
u
so
v
-Z
h
ab
o
tin
sk
y
 (B
Z
) m
ed
iu
m
 lo
cal p
ertu
rb
atio
n
s o
f th
e m
ed
iu
m
 
in
itiate a circu
lar trav
ellin
g
 w
av
e if th
ey
 ex
ceed
 a reactio
n
 d
ep
en
d
en
t th
resh
o
ld
. If th
e p
ertu
rb
atio
n
 is lo
n
g
 
liv
ed
 th
en
 after a g
iv
en
 refracto
ry
 p
erio
d
 fo
r th
e reactio
n
 th
en
 a seco
n
d
 circu
lar w
av
e w
ill b
e in
itiated
 lead
in
g
 
ev
en
tu
ally
 to
 th
e fo
rm
atio
n
 o
f classical targ
et w
av
es. In
 ad
d
itio
n
 lo
cal p
ertu
rb
atio
n
s can
 cau
se circu
lar w
av
es 
to
 
b
reak
 
fo
rm
in
g
 
sp
iral 
w
av
es 
to
 
b
e 
g
en
erated
. 
T
h
e 
circu
lar 
w
av
es 
trav
el 
o
u
tw
ard
s 
fro
m
 
th
e 
p
o
in
t 
o
f 
stim
u
latio
n
 d
u
e to
 d
iffu
sio
n
 (F
ig
. 5
a). Q
u
ite recen
tly
 it w
as ex
p
erim
en
tally
 d
em
o
n
strated
 th
at b
y
 u
sin
g
 a lig
h
t 
sen
sitiv
e cataly
st in
 th
e B
Z
 reactio
n
 th
is allo
w
s fo
r fin
e co
n
tro
l o
f th
e ex
citab
ility
 o
f th
e m
ed
iu
m
 b
y
 u
sin
g
 
lig
h
t [B
eato
 &
 E
n
g
el, 2
0
0
3
; B
ran
d
tstäd
ter et al., 2
0
0
0
].  L
ig
h
t in
creases p
ro
d
u
ctio
n
 o
f b
ro
m
id
e io
n
s, w
h
ich
 
are in
h
ib
ito
rs o
f th
e reactio
n
. T
h
e in
crease in
 th
e in
h
ib
ito
r co
n
cen
tratio
n
 n
atu
rally
 lead
s to
 a d
ecrease o
f th
e 
m
ed
iu
m
’s 
ex
citab
ility
. 
 
T
h
e 
B
Z
 
reactio
n
 
at 
th
e 
critical 
th
resh
o
ld
 
o
f 
ex
citab
ility
 
ex
h
ib
its 
trav
ellin
g
 
lo
calizatio
n
s, w
av
e-frag
m
e
n
ts (F
ig
. 5
b
).  
T
o
 in
sp
ect h
o
w
 d
ecreases in
 ex
citab
ility
 lead
s to
 th
e fo
rm
atio
n
 o
f trav
ellin
g
 lo
calizatio
n
s in
 th
e B
Z
 
reactio
n
 
w
e 
sim
u
lated
 
th
e 
m
ed
iu
m
 
u
sin
g
 
a 
tw
o
-v
ariab
le 
O
reg
o
n
ato
r 
m
o
d
el 
m
o
d
ified
 
to
 
acco
u
n
t 
fo
r 
p
h
o
to
ch
em
istry
 [F
ield
 &
 N
o
y
es, 1
9
7
3
; K
ru
g
 et al., 1
9
9
0
; A
d
am
atzk
y
, 2
0
0
4
 ]: 
 
u
D
q
u
q
u
fv
u
u
t u
u
2
2
)
(
1
∇
+
  
  
+ −
Φ
+
−
−
=
∂ ∂
ε
 
v
u
t v
−
=
∂ ∂
. 
 T
h
e v
ariab
les u
 an
d
 v rep
resen
t th
e in
stan
tan
eo
u
s lo
cal (d
im
en
sio
n
less) co
n
cen
tratio
n
s o
f th
e b
ro
m
o
u
s 
acid
 au
to
cataly
st an
d
 th
e o
x
id
ized
 fo
rm
 o
f th
e cataly
st, H
B
rO
2  an
d
 tris (b
ip
y
rid
y
l) R
u
 (III), resp
ectiv
ely
. T
h
e 
ratio
 o
f th
e tim
e scales o
f th
e tw
o
 v
ariab
les, u
 an
d
 v, is rep
resen
ted
 b
y
 ε, w
h
ich
 d
ep
en
d
s o
n
 th
e rate co
n
stan
ts 
an
d
 reag
en
t co
n
cen
tratio
n
; f is a sto
ich
io
m
etric co
efficien
t. T
h
e scalin
g
 p
aram
eter, q
, d
ep
en
d
s o
n
 reactio
n
 
rates.  W
e assu
m
ed
 th
at th
e cataly
st is im
m
o
b
ilized
 in
 a th
in
-lay
er o
f g
el th
erefo
re th
ere is n
o
 d
iffu
sio
n
 term
 
fo
r v
. 
P
aram
eter 
Φ
 
is 
a 
rate 
o
f 
b
ro
m
id
e 
p
ro
d
u
ctio
n
, 
in
d
u
ced
 
b
y
 
lig
h
t, 
th
e 
p
aram
eter 
also
 
rep
resen
ts 
th
e 
ex
citab
ility
 o
f th
e sy
stem
. A
 m
o
d
erate in
ten
sity
 o
f lig
h
t w
ill facilitate th
e ex
citatio
n
 p
ro
cess w
h
ereas a h
ig
h
er 
lig
h
t in
ten
sity
 w
ill p
ro
d
u
ce ex
cessiv
e q
u
an
tities o
f b
ro
m
id
e w
h
ich
 su
p
p
resses th
e reactio
n
. T
h
e B
Z
 system
 
w
a
s su
b
-excita
b
le a
t Φ
=
0
.0
4
. In
 th
e su
b
-excita
b
le m
o
d
e th
e m
o
d
el o
f th
e B
Z
 system
 exh
ib
its lo
ca
lized
 w
a
ve-
fra
g
m
en
ts, w
h
ich
 keep
 th
eir sh
a
p
e fo
r so
m
e p
erio
d
 o
f tim
e, a
n
d
 tra
vel a
s co
m
p
a
ct p
a
ttern
s (sim
ila
rly to
 
d
issip
a
tive so
lito
n
s) u
n
til th
ey co
llid
e w
ith
 o
th
er lo
ca
liza
tio
n
s, im
p
u
rities o
r ju
st sp
o
n
ta
n
eo
u
sly lo
se th
eir 
sta
b
ility.   
B
y
 co
llid
in
g
 th
ese trav
ellin
g
 lo
calizatio
n
s w
e can
 im
p
lem
en
t alm
o
st an
y
 ty
p
e o
f lo
g
ical o
p
eratio
n
s in
 th
e 
B
Z
 m
ed
iu
m
 [A
d
am
atzk
y
, 2
0
0
4
; D
e L
acy
 C
o
stello
 &
 A
d
am
atzk
y
, 2
0
0
5
; A
d
am
a
tzk
y
 an
d
 D
e L
acy
 C
o
stello
, 
2
0
0
7
; T
o
th
 et al., 2
0
0
7
].  F
ig
u
re 6
 sh
o
w
s th
e d
y
n
am
ics o
f th
e w
av
e-frag
m
en
ts im
p
lem
en
tin
g
 a co
llisio
n
-
b
ased
 g
ate, w
ith
 tw
o
 in
p
u
ts (x an
d
 y) an
d
 fo
u
r o
u
tp
u
ts: tw
o
 o
u
tp
u
ts 
y
x
∧
, o
n
e o
u
tp
u
t  
y
x
¬
∧
an
d
 o
n
e 
o
u
tp
u
t  
y
x
∧
¬
. T
h
e fu
ll ran
g
e o
f co
llisio
n
s b
etw
een
 m
o
b
ile ex
citatio
n
s, d
isco
v
ered
 in
 o
u
r co
m
p
u
tatio
n
al 
m
o
d
els, h
as b
een
 v
erified
 ex
p
erim
en
tally
 in
 [D
e L
acy
 C
o
stello
 &
 A
d
am
atzk
y
, 2
0
0
5
; T
o
th
 et al., 2
0
0
7
], 
th
erefo
re w
e d
o
 n
o
t p
ro
v
id
e ch
em
ical lab
o
rato
ry
 illu
stratio
n
s in
 th
e p
resen
t p
ap
er. 
  
4
. 
E
m
erg
en
ce o
f lo
ca
liza
tio
n
s in
 p
la
sm
o
d
iu
m
 o
f P
h
ysa
ru
m
 p
o
lycep
h
a
lu
m
  
 
T
h
e p
lasm
o
d
iu
m
 o
f P
h
ysa
ru
m
 p
o
lycep
h
a
lu
m
 is a u
n
icellu
lar an
d
 m
u
ltin
u
clear g
ian
t am
o
eb
a th
at is v
isib
le to
 
th
e n
ak
ed
 ey
e. T
h
is o
rg
an
ism
, fo
rm
ed
 b
y
 ag
g
reg
atio
n
 an
d
 fu
sio
n
 o
f a m
y
riad
 o
f cells, is so
 to
 sp
eak
 a 2
-
U
n
iv
ersal co
m
p
u
tatio
n
 w
ith
 lim
ited
 reso
u
rces: B
elo
u
so
v
-Z
h
ab
o
tin
sk
y
 an
d
 P
h
y
saru
m
 co
m
p
u
ters (2
0
0
7
) 
  
5 
 d
im
en
sio
n
al m
ass o
f cy
to
p
lasm
 en
cap
su
lated
 in
 a p
lasm
a m
e
m
b
ran
e. T
h
e v
ery
 larg
e size o
f th
e p
lasm
o
d
iu
m
 
allo
w
s th
e sin
g
le cell to
 b
e h
ig
h
ly
 a
m
o
rp
h
o
u
s. T
h
e p
lasm
o
d
iu
m
 sh
o
w
s sy
n
ch
ro
n
o
u
s o
scillatio
n
 o
f cy
to
p
lasm
 
th
ro
u
g
h
o
u
t its cell b
o
d
y
, an
d
 o
scillato
ry
 p
attern
s co
n
tro
l th
e b
eh
av
io
u
rs o
f th
e cell. A
s a resu
lt, all th
e p
arts 
o
f th
e cell b
eh
av
e co
o
p
erativ
ely
, allo
w
in
g
 u
s to
 u
se th
e o
rg
an
ism
 in
 v
ario
u
s co
m
p
u
tatio
n
al task
s su
ch
 as 
m
a
ze
-so
lv
in
g
 [N
ak
a
g
ak
i, 2
0
0
0
, 2
0
0
1
], calcu
latio
n
 o
f efficien
t n
etw
o
rk
s [N
ak
ag
ak
i 2
0
0
3
, 2
0
0
4
; S
h
irak
aw
a &
 
G
u
n
ji, 2
0
0
7
], co
n
stru
ctio
n
 o
f lo
g
ical g
ates [T
su
d
a et al, 2
0
0
4
], fo
rm
atio
n
 o
f V
o
ro
n
o
i d
iag
ram
 [S
h
irak
aw
a &
 
G
u
n
ji, 2
0
0
7
a], an
d
 ro
b
o
t co
n
tro
l [T
su
d
a et al., 2
0
0
7
].  
T
h
e o
scillato
ry
 cy
to
p
lasm
 can
 b
e reg
ard
ed
 as a sp
atially
 ex
ten
d
ed
 n
o
n
lin
ear ex
citab
le m
ed
ia, as m
an
y
 o
f 
th
e m
o
d
els o
f th
e p
lasm
o
d
iu
m
 h
av
e in
d
icated
 (fo
r ex
am
p
le, see [M
atsu
m
o
to
 et al., 1
9
8
8
; N
ak
ag
ak
i et al., 
1
9
9
9
; Y
am
ad
a et al., 2
0
0
7
]. H
ere w
e d
em
o
n
strate th
at th
e sh
eet o
f th
e p
lasm
o
d
iu
m
 sh
o
w
s self-lo
calizatio
n
 
u
n
d
er 
certain
 
ex
p
erim
en
tal 
co
n
d
itio
n
s 
an
d
 
is 
also
 
p
o
ten
tially
 
u
sefu
l 
as 
a 
so
u
rce 
fo
r 
co
llisio
n
-b
ased
 
co
m
p
u
tatio
n
. 
In
 all o
f th
e ex
p
erim
en
ts d
em
o
n
strated
 in
 th
is sectio
n
, th
e p
lasm
o
d
ia cu
ltu
red
 o
n
 w
et p
ap
er to
w
els w
ere 
scrap
ed
 fro
m
 th
e to
w
els an
d
 th
en
 w
eig
h
ed
 (A
b
o
u
t th
e m
eth
o
d
 fo
r cu
ltu
re, see [C
am
p
, 1
9
3
6
]]). T
h
en
 1
 o
r 8
 
p
ieces o
f th
e p
lasm
o
d
ia w
ith
 co
n
stan
t w
eig
h
t (2
0
 m
g
) w
ere p
laced
 o
n
 an
 ag
ar g
el su
b
strate in
 P
etri d
ish
es, 
w
h
ich
 eith
er co
n
tain
 n
u
trien
t o
r rep
ellen
t. 
W
h
en
 th
e p
lasm
o
d
iu
m
 is cu
ltiv
ated
 o
n
 a n
u
trien
t-rich
 su
b
strate (ag
ar g
el co
n
tain
in
g
 cru
sh
ed
 o
at flak
es) it 
ex
h
ib
its u
n
ifo
rm
 circu
lar g
ro
w
th
 (F
ig
. 7
 left) sim
ilar to
 th
e ex
citatio
n
 w
av
es in
 th
e ex
citab
le B
Z
 m
ed
iu
m
. If 
th
e 
g
ro
w
th
 
su
b
strate 
lack
s 
n
u
trien
ts, 
e.g
. 
th
e 
p
lasm
o
d
iu
m
 
is 
cu
ltiv
ated
 
o
n
 
a 
n
o
n
-n
u
trien
t 
an
d
 
rep
ellen
t 
co
n
tain
in
g
 g
el (F
ig
. 7
 rig
h
t), a w
et filter p
ap
er o
r ev
en
 g
lass su
rface lo
calizatio
n
s em
erg
e an
d
 b
ran
ch
in
g
 
p
attern
s 
b
eco
m
e 
clearly
 
v
isib
le. 
T
h
e 
p
seu
d
o
p
o
d
iu
m
 
(F
ig
. 
8
) 
p
ro
p
ag
ates 
in
 
a 
m
an
n
er 
an
alo
g
o
u
s 
to
 
th
e 
fo
rm
atio
n
 o
f w
av
e-frag
m
en
ts in
 su
b
-ex
citab
le B
Z
 sy
stem
s.  
F
u
rth
erm
o
re, 
in
 
th
e 
ex
p
erim
en
ts 
w
ith
 
p
lasm
o
d
iu
m
 
w
e 
h
av
e 
d
isco
v
ered
 
th
at 
in
teractio
n
 
b
etw
een
 
`co
llid
in
g
’ p
seu
d
o
p
o
d
ia d
ep
en
d
s o
n
 th
e co
n
d
itio
n
 o
f th
e su
b
strate, esp
ecially
 o
n
 th
e rich
n
ess o
f n
u
trien
ts in
 
th
e su
b
strate. W
h
en
 th
e su
b
strate is relativ
ely
 rich
 w
ith
 n
u
trien
ts (F
ig
. 9
), p
seu
d
o
p
o
d
ia fu
se, an
d
 in
 p
o
o
r 
su
b
strate th
e p
seu
d
o
p
o
d
ia reflect, ch
an
g
e th
e trajecto
ries o
f th
eir g
ro
w
th
 th
u
s av
o
id
in
g
 co
llisio
n
 (F
ig
. 1
0
), 
w
h
ich
 
is 
co
m
p
arab
le 
to
 
in
teractio
n
s 
o
b
serv
ed
 
b
etw
een
 
co
llid
in
g
 
ex
citab
le 
w
av
e 
frag
m
en
ts 
in
 
th
e 
lig
h
t 
sen
sitiv
e B
Z
 m
ed
ia.  
 P
seu
d
o
p
o
d
iu
m
 o
f P
h
y
saru
m
 sh
o
w
s tw
o
 ty
p
es o
f resp
o
n
se w
h
en
 it co
llid
es w
ith
 an
o
th
er p
seu
d
o
p
o
d
iu
m
 o
r 
an
o
th
er in
d
iv
id
u
al. W
h
en
 tw
o
 p
seu
d
o
p
o
d
ia co
llid
e, th
ey
 fu
se if th
ere is n
o
 sp
ace in
 w
h
ich
 to
 m
o
v
e in
 o
rd
er to
 
av
o
id
 each
 o
th
er. T
h
ey
 av
o
id
 each
 o
th
er an
d
 m
ak
e a
 tu
rn
 if th
ere is en
o
u
g
h
 sp
ace av
ailab
le. P
h
y
saru
m
 in
 
fav
o
rab
le co
n
d
itio
n
 sp
read
 h
o
m
o
g
en
eo
u
sly
 an
d
 d
en
sely
, so
 p
seu
d
o
p
o
d
ia can
n
o
t tu
rn
 an
d
 th
ey
 alw
ay
s fu
se 
w
h
en
 th
ey
 co
llid
e. O
n
 th
e co
n
trary
, th
e p
seu
d
o
p
o
d
iu
m
 o
f P
h
y
saru
m
 in
 u
n
fav
o
rab
le co
n
d
itio
n
s is n
o
t so
 d
en
se 
sp
atially
, 
so
 
it 
can
 
easily
 
tu
rn
. 
T
h
u
s 
p
seu
d
o
p
o
d
ia 
in
 
u
n
fav
o
rab
le 
co
n
d
itio
n
s 
m
ay
 
so
m
etim
es 
fu
se 
an
d
 
so
m
etim
es av
o
id
 each
 o
th
er.  
  
5
. 
 (D
is)a
d
v
a
n
ta
g
es o
f en
ca
p
su
la
tio
n
 w
h
ile im
p
lem
en
tin
g
 co
m
p
u
ta
tio
n
  
 In
 o
u
r p
rev
io
u
s stu
d
ies w
e h
av
e sp
ecu
lated
, an
d
 h
av
e p
ro
v
id
ed
 so
m
e arg
u
m
en
t th
at th
e p
lasm
o
d
iu
m
 o
f P
. 
p
o
licep
h
a
lu
m
 is a g
o
o
d
 real-w
o
rld
 p
ro
to
ty
p
e o
f a reactio
n
-d
iffu
sio
n
 ex
citab
le ch
em
ical m
ed
iu
m
 en
cap
su
lated
 
in
 an
 elastic m
em
b
ran
e [A
d
am
atzk
y
, 2
0
0
7
a]. N
o
w
 w
e w
ill co
m
p
are th
e b
eh
av
io
u
r o
f an
d
 in
teractio
n
 b
etw
een
 
m
o
b
ile 
lo
calizatio
n
s 
in
 
d
iscrete 
ex
citab
le 
lattices, 
ex
citab
le 
ch
em
ical 
m
ed
ia, 
an
d
 
p
lasm
o
d
iu
m
 
o
f 
P
. 
p
o
lycep
h
a
lu
m
. W
e w
ill also
 b
u
ild
 u
p
 p
arallels b
etw
een
 th
e d
eg
ree o
f ex
citab
ility
 o
f a ch
em
ical m
ed
ia an
d
 
th
eir d
iscrete m
o
d
els, an
d
 th
e co
n
cen
tratio
n
 o
f n
u
trien
ts in
 P
. p
o
lycep
h
a
lu
m
 cu
ltu
res. 
E
x
cita
b
le m
o
d
e.  W
h
en
 in
 an
 ex
citab
le m
o
d
e a m
ed
iu
m
 reacts to
 lo
cal stim
u
latio
n
 b
y
 g
en
eratin
g
 targ
et 
an
d
 
sp
iral 
w
av
es 
(F
ig
. 
5
a). 
S
im
ilarly
, 
in
 
a 
n
u
trien
t 
rich
 
m
o
d
e 
P
h
y
saru
m
 
d
ev
elo
p
s 
circu
lar 
p
ro
p
ag
atin
g
 
p
attern
s, an
alo
g
u
es o
f targ
et w
av
es (F
ig
. 9
).   
W
av
es in
 ex
citab
le B
Z
 m
e
d
iu
m
 an
n
ih
ilate w
h
en
 th
ey
 co
llid
e (b
ecau
se each
 w
av
e h
as a refracto
ry
 tail). 
P
h
y
saru
m
 g
ro
w
in
g
 p
attern
s d
o
 also
 fu
se en
tirely
 (F
ig
. 9
) in
 n
u
trien
t-rich
 co
n
d
itio
n
s. T
h
e fu
sio
n
 m
ay
 b
e 
p
rev
en
ted
 in
 certain
 co
n
d
itio
n
s (F
ig
. 1
0
) an
d
 th
e stru
ctu
re fo
rm
ed
 b
y
 th
e w
av
e fro
n
ts are v
ery
 sim
ilar to
 
V
o
ro
n
o
i d
iag
ram
s in
 p
recip
itatin
g
 ch
em
ical p
ro
cesso
rs [D
e L
acy
 C
o
stello
 et al., 2
0
0
4
]. M
o
rp
h
o
lo
g
y
 o
f w
av
e
-
fro
n
ts in
 B
Z
 sy
stem
 an
d
 p
lasm
o
d
iu
m
 is sim
ilar. 
S
u
b
ex
cita
b
le 
m
o
d
e. 
 
B
o
th
 
th
e 
B
Z
 
reactio
n
 
an
d
 
p
lasm
o
d
iu
m
 
o
f 
P
. 
P
o
lycep
h
a
lu
m
 
ex
h
ib
it 
m
o
b
ile 
lo
calizatio
n
s w
ith
 sim
ilar m
o
rp
h
o
lo
g
y
, see F
ig
. 5
b
 a
n
d
 F
ig
. 8
. T
h
e fo
llo
w
in
g
 ty
p
es o
f co
llisio
n
 b
etw
een
 
w
av
e
-frag
m
en
ts can
 b
e o
b
serv
ed
 in
 th
e B
Z
 m
ed
iu
m
: reflectio
n
, attractio
n
, rep
u
lsio
n
, slid
in
g
, an
d
 sh
iftin
g
-
A
d
am
atzk
y
, D
e L
acy
 C
o
stello
, S
h
irak
aw
a 
 
6
 
 slid
in
g
 (F
ig
. 1
1
); see [A
d
am
atzk
y
 &
 D
e L
acy
 C
o
stello
, 2
0
0
7
] fo
r v
erificatio
n
 o
f co
llisio
n
s in
 co
m
p
u
tatio
n
al 
m
o
d
els an
d
 [T
o
th
 et al., 2
0
0
7
] fo
r v
erificatio
n
 in
 ch
em
ical lab
o
rato
ry
 ex
p
erim
en
ts. D
ifferen
t b
eh
av
io
u
r o
f 
w
av
e
-frag
m
en
ts in
 co
llisio
n
s is d
u
e to
 an
g
le o
f frag
m
en
ts an
d
 v
elo
city
 v
ecto
rs. H
o
w
ev
er, m
o
st co
llisio
n
s o
f 
w
av
e
-frag
m
en
ts in
 B
Z
 in
v
o
lv
e so
m
e an
n
ih
ilatio
n
 o
f p
art o
f o
rig
in
al w
av
es, fo
llo
w
ed
 b
y
 fu
sio
n
 o
r reflectio
n
 
(u
n
less 
frag
m
en
ts 
trajecto
ries 
are 
ch
an
g
ed
 
b
y
 
ju
st 
p
ro
x
im
ity
 
to
 
o
th
er 
frag
m
en
t, 
w
h
ich
 
is 
so
m
etim
es 
o
b
serv
ed
).  
A
re all th
ese ty
p
es o
f co
llisio
n
 o
b
serv
ed
 in
 th
e in
teractio
n
 o
f p
seu
d
o
p
o
d
ia o
f P
h
y
saru
m
’s p
lasm
o
d
iu
m
?
 
A
s w
ith
 B
Z
 w
av
e
-frag
m
en
ts, resu
lts o
f co
llisio
n
 o
f P
h
y
saru
m
 p
seu
d
o
p
o
d
ia d
ep
en
d
 o
n
 th
e o
rien
tatio
n
 o
f th
eir 
v
elo
city
 v
ecto
rs an
d
 th
e g
ro
w
th
 tip
s p
o
sitio
n
s at th
e m
o
m
en
t b
efo
re co
llisio
n
. U
su
ally
, if lo
calizatio
n
s are 
ju
st ‘b
ru
sh
in
g
’ each
 o
th
er th
en
 reflectio
n
 o
ccu
rs. 
R
eflectio
n
 an
d
 rep
u
lsio
n
 o
f p
seu
d
o
p
o
d
ia are o
b
serv
ed
 ex
p
erim
en
tally
 o
n
 a n
u
trien
t-p
o
o
r su
b
strate (an
alo
g
 
o
f su
b
-ex
citab
le m
o
d
e o
f B
Z
 m
ed
iu
m
) (F
ig
. 1
0
 an
d
 F
ig
. 1
2
). In
teractio
n
 o
f lo
calizatio
n
s in
 n
u
trien
t-p
o
o
r 
su
b
strate 
is 
v
isib
ly
 
d
istin
ct 
fro
m
 
th
at 
o
n
 
a 
n
u
trien
t-rich
 
su
b
strate 
(F
ig
. 
9
).  
   W
e n
ev
er o
b
serv
ed
 clear attractio
n
: in
 situ
atio
n
 w
h
ere p
seu
d
o
p
o
d
ia fu
se (n
u
trien
t-rich
), th
ey
 u
su
ally
 ju
st 
co
n
tin
u
e 
alo
n
g
 
th
eir 
o
rig
in
al trajecto
ries 
till th
ey
 
co
m
e 
in
to
 
p
h
y
sical 
co
n
tact 
w
ith
 
an
o
th
er 
p
seu
d
o
p
o
d
ia. 
N
eith
er slid
in
g
 n
o
t sh
iftin
g
-slid
in
g
 w
ere o
b
serv
ed
 in
 ex
p
erim
en
ts w
ith
 p
lasm
o
d
iu
m
.  
H
o
w
ev
er, it sh
o
u
ld
 b
e n
o
ted
 th
at it w
as also
 d
ifficu
lt to
 rep
ro
d
u
ce b
eh
av
io
u
r seen
 in
 th
eo
retical ch
em
ical 
m
o
d
els in
 actu
al ch
em
ical ex
p
erim
en
ts. T
h
erefo
re it is lik
ely
 w
ith
 liv
in
g
 o
rg
an
ism
s th
at th
e sam
e d
ifficu
lties 
o
f co
n
tro
llin
g
 ex
actly
 th
e ex
act trajecto
ries, v
elo
city
 v
ecto
rs etc. m
ay
 lim
it th
e o
b
serv
atio
n
 o
f m
o
re su
b
tle 
b
eh
av
io
u
rs. T
h
is is n
o
t to
 say
 th
at th
ey
 d
o
 n
o
t ex
ist.  
C
o
m
p
u
tin
g
 
w
ith
 
lo
ca
liza
tio
n
s. 
 
W
av
e-frag
m
en
ts 
in
 
th
e 
B
Z
 
m
ed
iu
m
 
an
d
 
tip
s 
o
f 
p
seu
d
o
p
o
d
ia 
in
 
P
h
y
saru
m
 can
 rep
resen
t sig
n
als in
 co
llisio
n
-b
ased
 co
m
p
u
tin
g
 sch
em
es [A
d
am
atzk
y
, 2
0
0
3
]. D
u
e to
 th
e ab
ility
 
o
f th
e m
ed
iu
m
 to
 retu
rn
 to
 its o
rig
in
al restin
g
 state, th
e B
Z
 m
ed
iu
m
 allo
w
s fo
r --- th
eo
retically
 --- u
n
lim
ited
 
n
u
m
b
ers o
f sig
n
als to
 sh
are th
e sam
e lo
ci o
f m
ed
iu
m
, if th
e sig
n
als are tem
p
o
rally
 sep
arated
.  R
esp
ectiv
ely
, 
d
y
n
a
m
ical lo
g
ical circu
its em
b
ed
ed
 in
 th
e B
Z
 m
ed
iu
m
, can
 b
e reb
u
ilt an
d
 reco
n
fig
u
red
 as o
ften
 as p
o
ssib
le.  
In
 
co
n
trast 
p
lasm
o
d
iu
m
 
o
f 
P
h
y
saru
m
 
p
erfo
rm
s 
rath
er 
stru
ctu
ral 
co
m
p
u
tatio
n
 
b
y
 
p
ro
p
ag
atin
g
 
its 
p
seu
d
o
p
o
d
ia. 
T
h
erefo
re, 
in
 
p
rin
cip
le, 
it 
w
o
u
ld
 
b
e 
in
efficien
t 
to
 
em
p
lo
y
 
p
lasm
o
d
iu
m
 
in
 
co
llisio
n
-b
ased
 
co
m
p
u
tin
g
 
sch
em
es: 
ev
ery
 
p
ro
p
ag
atin
g
 
sig
n
al 
leav
es 
an
 
u
n
-rem
o
v
ab
le 
trace, 
so
 
q
u
ite 
so
o
n
 
after 
th
e 
co
m
p
u
tatio
n
 
starts 
th
e sp
ace 
w
ill 
b
e 
filled
 
b
y
 
traces 
o
f sig
n
als. 
H
av
in
g
 
said
 th
at, th
ere 
is 
ex
p
erim
en
tal 
ev
id
en
ce (F
ig
. 1
3
) th
at w
h
en
 so
m
e b
ran
ch
es (p
ro
to
p
lasm
ic tu
b
es) o
f p
lasm
o
d
iu
m
 b
eco
m
e o
b
so
lete an
d
 cease 
to
 fu
n
ctio
n
, n
ew
 p
seu
d
o
p
o
d
ia can
 g
ro
w
 o
v
er an
d
 cro
ss th
em
. T
h
is m
ean
s th
at th
e B
Z
 m
ed
iu
m
 an
d
 P
h
y
saru
m
 
are b
o
th
 reu
sab
le b
u
t at d
ifferen
t tim
e scales. In
 b
o
th
 cases th
o
u
g
h
 u
n
less n
u
trien
ts are rep
len
ish
ed
 th
en
 th
e 
co
m
p
u
tatio
n
s w
ill n
atu
rally
 cease at so
m
e p
o
in
t. In
 ex
p
erim
en
tal im
p
lem
en
tatio
n
s in
v
o
lv
in
g
 th
e B
Z
 reactio
n
 
th
en
 reag
en
ts are co
n
tin
u
o
u
sly
 fed
 in
to
 th
e reacto
r v
essel (h
o
w
ev
er, th
e cataly
st an
d
 g
el stru
ctu
re are altered
 
v
ery
 slig
h
tly
 b
y
 th
e w
a
v
e in
teractio
n
s/ co
m
p
u
tatio
n
s m
ean
in
g
 th
at u
ltim
ately
 th
e co
m
p
u
tatio
n
s h
av
e a fin
ite 
lifetim
e). In
 P
lasm
o
d
iu
m
 e
x
p
erim
en
ts n
u
trien
ts can
 p
resu
m
ab
ly
 b
e ad
d
ed
 to
 su
p
p
o
rt g
ro
w
th
 an
d
 o
v
erco
m
e 
ex
cessiv
e n
u
trien
t d
ep
letio
n
 w
h
ich
 w
o
u
ld
 affect co
m
p
u
tato
n
. H
o
w
ev
er, th
e effect o
f p
rev
io
u
s trajecto
ries o
n
 
cu
rren
t co
m
p
u
tatio
n
s is d
ifficu
lt to
 assess. It is lik
ely
 th
at in
 b
o
th
 th
e B
Z
 an
d
 p
h
y
saru
m
 im
p
lem
en
tatio
n
s th
at 
in
itial co
m
p
u
tatio
n
s an
d
 h
isto
ries th
ereo
f affect all su
b
seq
u
en
t co
m
p
u
tatio
n
s b
y
 su
b
tle alteratio
n
s o
f w
av
e 
trajecto
ry
 an
d
 v
elo
city
. In
 ch
em
ical sy
stem
s it is n
o
t p
o
ssib
le to
 g
au
g
e th
e effect easily
 as th
ere is n
o
 trace o
f 
an
y
 
p
rev
io
u
s 
in
teractio
n
. 
A
s 
d
em
o
n
strated
 
in
 
F
ig
. 
1
4
 
in
 
P
h
y
saru
m
 
it 
is 
m
o
re 
o
b
v
io
u
s 
w
h
ere 
p
rev
io
u
s 
co
m
p
u
tatio
n
s 
affect 
cu
rren
t 
co
m
p
u
tatio
n
s. 
T
h
e 
m
ain
 
p
o
in
t 
is 
th
at 
in
 
b
o
th
 
sy
stem
s 
th
e 
ex
citab
ility
 
an
d
 
th
erefo
re th
e co
m
p
u
tatio
n
al efficien
cy
 are altered
 b
y
 th
e o
rig
in
al w
av
e co
llisio
n
s/ trajecto
ries.     
S
p
eed
. In
 th
e B
Z
 sy
stem
 w
av
es p
ro
p
ag
ate w
ith
 an
 av
erag
e sp
eed
 o
f 2
 m
m
/m
in
, in
 p
lasm
o
d
iu
m
 g
ro
w
in
g
 
w
av
e
-fro
n
ts p
ro
p
ag
ate w
ith
 a sp
eed
 o
f 0
.1
 m
m
/m
in
. T
h
is m
ak
es P
h
y
saru
m
 co
m
p
u
ter an
 o
rd
er slo
w
er th
an
 B
Z
 
co
m
p
u
ter 
in
 
stru
ctu
ral 
co
m
p
u
tatio
n
, 
i.e. 
p
ro
p
ag
atio
n
 
in
 
p
h
y
sical 
sp
ace. 
H
o
w
ev
er, 
if 
w
e 
co
m
p
are 
th
e 
o
scillatio
n
 freq
u
en
cies o
f m
icro
-v
o
lu
m
es in
 th
e B
Z
 m
ed
iu
m
 an
d
 th
e electrical activ
ity
 o
f th
e P
h
y
saru
m
, w
e 
fin
d
 th
at th
e clo
ck
 rate o
f P
h
y
saru
m
 co
m
p
u
ters is 0
.0
0
8
-0
.0
2
 H
z an
d
 B
Z
 p
ro
cesso
rs h
av
e a clo
ck
 rate o
f 
0
.0
0
2
 H
z [A
d
a
m
atzk
y
, D
e L
acy
 C
o
stello
 &
 A
sai, 2
0
0
5
]. W
e can
 co
n
clu
d
e th
at b
o
th
 ty
p
es o
f co
m
p
u
ters are 
th
erefo
re eq
u
al in
 sp
eed
 o
f co
m
p
u
tatio
n
.  
M
em
o
ry
.  B
Z
 co
llisio
n
-b
ased
 co
m
p
u
ters are m
em
o
ry
-less. T
h
at is to
 say
 th
at alth
o
u
g
h
 m
e
m
o
ry
 effects 
act 
to
 
alter 
B
Z
 
co
llisio
n
 
b
ased
 
co
m
p
u
tatio
n
s 
–
 
th
ey
 
d
o
 
n
o
t 
p
o
ssess 
an
 
ad
d
ressab
le 
m
em
o
ry
 
so
 
th
is 
in
fo
rm
atio
n
 can
n
o
t b
e easily
 accessed
 –
 o
n
ly
 o
b
serv
ed
 in
 su
b
seq
u
en
t reactio
n
s/co
llisio
n
s. W
av
es p
ro
p
ag
ate 
an
d
 th
en
 m
ed
iu
m
 retu
rn
s to
 a state th
at is m
acro
sco
p
ically
 id
en
tical to
 th
e in
itial restin
g
 state. In
 p
lasm
o
d
iu
m
 
g
ro
w
th
 
p
attern
s 
p
ro
p
ag
ate, 
an
d
 
th
en
 
tree-lik
e 
stru
ctu
res 
o
f 
p
ro
to
p
lasm
ic 
tu
b
es 
are 
fo
rm
ed
. 
T
h
ese 
p
ro
to
p
lasm
ic trees can
 rep
resen
t a static m
e
m
o
ry
 o
f P
h
y
saru
m
 co
m
p
u
ter. 
U
n
iv
ersal co
m
p
u
tatio
n
 w
ith
 lim
ited
 reso
u
rces: B
elo
u
so
v
-Z
h
ab
o
tin
sk
y
 an
d
 P
h
y
saru
m
 co
m
p
u
ters (2
0
0
7
) 
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P
ro
g
ra
m
m
a
b
ility
.  B
Z
 an
d
 p
lasm
o
d
iu
m
 are lig
h
t-sen
sitiv
e, w
h
ich
 g
iv
e u
s th
e m
ean
s to
 p
ro
g
ram
m
e th
em
. 
P
h
y
saru
m
 ex
h
ib
its articu
lated
 n
eg
ativ
e p
h
o
to
tax
is, B
Z
 reactio
n
 is in
h
ib
ited
 b
y
 lig
h
t. T
h
erefo
re b
y
 u
sin
g
 
m
ask
s o
f illu
m
in
atio
n
 o
n
e can
 co
n
tro
l d
y
n
am
ics o
f lo
calizatio
n
s in
 th
ese m
ed
ia: ch
an
g
e a sig
n
al’s trajecto
ry
 
o
r 
ev
en
 
sto
p
 
a 
sig
n
al’s 
p
ro
p
ag
atio
n
, 
am
p
lify
 
th
e 
sig
n
al, 
g
en
erate 
train
s 
o
f 
sig
n
als. 
L
ig
h
t-sen
sitiv
e 
o
f 
p
lasm
o
d
iu
m
 h
as b
een
 alread
y
 ex
p
lo
red
 in
 d
esig
n
 o
f ro
b
o
tics co
n
tro
llers [T
su
d
a et. al., 2
0
0
7
].  
B
ra
n
ch
in
g
. B
ran
ch
in
g
 is u
sefu
l w
h
en
 w
e n
eed
 to
 im
p
le
m
en
t sig
n
al m
u
ltip
licatio
n
. Is th
e p
h
en
o
m
en
o
n
 
o
b
serv
ed
 in
 th
e sy
stem
s d
iscu
ssed
?  W
av
e frag
m
en
ts in
 th
e B
Z
 reactio
n
 d
o
 sp
lit sp
o
n
tan
eo
u
sly
 b
u
t o
n
ly
 in
 
u
n
fav
o
u
rab
le co
n
d
itio
n
s su
ch
 as in
 lig
h
t sen
sitiv
e reactio
n
s, w
h
ere trav
ellin
g
 w
av
e frag
m
en
ts m
ay
 sp
lit in
to
 
tw
o
 b
ecau
se th
e lig
h
t lev
el is ju
st ab
o
v
e th
e su
b
-ex
citab
le th
resh
o
ld
 (F
ig
. 1
4
). It m
a
y
 also
 o
ccu
r w
h
en
 th
e 
d
au
g
h
ter frag
m
en
t o
f co
llisio
n
 resu
lt p
asses b
ack
 o
v
er th
e refracto
ry
 tail o
f p
aren
t frag
m
en
ts o
r an
o
th
er 
co
llisio
n
/ trajecto
ry
 site.   
T
h
e sp
littin
g
 o
f lo
calizatio
n
s in
 B
Z
 m
ed
iu
m
 can
 b
e in
terp
reted
 in
 term
s o
f a field
 p
o
ten
tial, p
articu
larly
 
fo
r th
e case o
f lig
h
t-in
d
u
ced
 sp
littin
g
. It is k
n
o
w
n
 th
at at critical u
n
ifo
rm
 lig
h
t lev
el sm
all frag
m
en
ts o
f 
ex
citatio
n
 w
ill n
o
t trav
el a larg
e d
istan
ce w
ith
o
u
t sp
o
n
tan
eo
u
s sp
littin
g
. F
rag
m
en
ts m
ay
 g
et sm
aller in
 size in
 
ad
d
itio
n
 to
 sp
littin
g
. T
h
ere are m
an
y
 cases (see F
ig
. 1
4
) w
h
ere ev
en
 th
o
u
g
h
 frag
m
en
ts are ex
p
an
d
in
g
 as th
ey
 
trav
el acro
ss critical lig
h
t field
s th
en
 th
ey
 w
ill also
 sp
lit sp
o
n
tan
eo
u
sly
. E
x
act m
ech
an
ism
 is u
n
k
n
o
w
n
. W
e 
can
 sp
ecu
late th
at th
is is d
u
e to
 h
etero
g
en
eity
 in
 th
e su
b
strate w
h
ich
 affects th
e ch
em
ical en
v
iro
n
m
en
t o
r 
lig
h
t lev
el lo
cally
. U
su
ally
 th
e d
istan
ce trav
elled
 acro
ss th
e d
estab
ilizin
g
 field
 is q
u
ite larg
e p
rio
r to
 sp
littin
g
, 
m
a
y
b
e th
e ex
p
an
sio
n
 is th
e cau
se o
f lo
w
ered
 stab
ility
 in
 alread
y
 u
n
fav
o
u
rab
le co
n
d
itio
n
s 
In
 
P
h
y
saru
m
 
sp
littin
g
 
o
f 
p
ro
p
ag
atin
g
 
lo
calizatio
n
 
m
a
y
 
h
ap
p
en
 
d
u
e 
to
 
h
etero
g
en
eity
 
o
f 
cy
to
sk
eleto
n
. 
H
etero
g
en
eo
u
s 
d
istrib
u
tio
n
 
o
f 
cy
to
p
lasm
ic 
stream
in
g
 
p
ro
m
o
tes 
h
etero
g
en
eo
u
s 
arran
g
em
en
t 
o
f 
actin
 
filam
en
ts, w
h
ich
 en
h
an
ces  th
e b
ran
ch
in
g
 in
 ex
ten
sio
n
 o
f p
seu
d
o
p
o
d
ia.  
P
ra
ctica
lity
.  B
Z
 p
ro
cesso
rs fu
n
ctio
n
 m
ain
ly
 in
 liq
u
id
 p
h
ase o
r g
el (ev
en
 ex
p
erim
en
ts o
n
 p
rin
ted
 B
Z
 
m
ed
iu
m
 [S
teib
o
ck
 et al., 1
9
9
5
] in
v
o
lv
ed
 liq
u
id
 p
h
ase o
f reactio
n
], an
d
 v
ery
 sen
sitiv
e to
 d
istu
rb
an
ce. A
lso
, 
b
ein
g
 left in
 a clo
sed
 reacto
r B
Z
 m
ed
iu
m
 b
eco
m
es ex
h
au
sted
 an
d
 ceases fu
n
ctio
n
in
g
.  
P
lasm
o
d
iu
m
 
o
f 
P
. 
p
o
lycep
h
a
lu
m
 
can
 
in
h
ab
it 
a 
w
id
e 
v
ariety
 
o
f 
su
b
strates, 
in
clu
d
in
g
 
b
are 
g
lass 
an
d
 
alu
m
in
iu
m
 fo
il b
ecau
se its m
e
m
b
ran
e p
ro
v
id
es p
ro
tectio
n
 fro
m
 h
o
stile en
v
iro
n
m
en
t th
u
s m
ak
in
g
 in
tern
al 
reactio
n
-d
iffu
sio
n
 p
ro
cesses less sen
sitiv
e to
 d
istu
rb
an
ces. T
h
is m
ak
es P
h
y
saru
m
 co
m
p
u
ters m
o
re su
itab
le 
fo
r real-w
o
rld
 ap
p
licatio
n
s. 
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D
iscu
ssio
n
s 
 A
 
field
 
o
f 
n
o
n
-lin
ear 
m
ed
ia 
co
m
p
u
ters 
[A
d
am
atzk
y
, 
2
0
0
1
] 
–
 
w
h
ere 
co
m
p
u
tatio
n
 
is 
im
p
lem
en
ted
 
b
y
 
p
attern
s p
ro
p
ag
atin
g
 in
 sp
atially
-ex
ten
d
ed
 n
o
n
-lin
ear m
ed
ia –
 featu
res tw
o
 m
ain
 `co
m
p
etito
rs’. T
h
ey
 are 
reactio
n
-d
iffu
sio
n
 ch
em
ical co
m
p
u
ters an
d
 P
h
y
saru
m
 co
m
p
u
ters. T
h
e reactio
n
-d
iffu
sio
n
 ch
em
ical co
m
p
u
ters 
are m
ain
ly
 p
resen
ted
 b
y
 ex
citab
le ch
em
ical m
ed
ia -- B
elo
u
so
v
-Z
h
ab
o
tin
sk
y
 (B
Z
) p
ro
cesso
rs, an
d
 less b
y
 
p
recip
itatin
g
 
p
ro
cesso
rs, 
see 
[A
d
am
atzk
y
, 
D
e 
L
acy
 
C
o
stello
 
&
 
A
sai, 
2
0
0
5
] 
fo
r 
d
etailed
 
classificatio
n
. 
P
h
y
saru
m
 co
m
p
u
ters are b
ased
 o
n
 fo
rag
in
g
 b
eh
av
io
u
r o
f an
d
 p
ro
to
p
lasm
 tran
sfer m
in
im
izatio
n
 in
sid
e a 
v
eg
etativ
e 
state, 
o
r 
p
lasm
o
d
iu
m
, 
o
f 
P
h
ysa
ru
m
 
p
o
lycep
h
a
lu
m
 
[N
ak
ag
ak
i 
et 
al., 
2
0
0
0
; 
N
ak
ag
ak
i, 
2
0
0
1
; 
N
ak
ag
a
k
i et al., 2
0
0
1
; T
su
d
a et al., 2
0
0
4
, 2
0
0
6
; A
d
am
atzk
y
, 2
0
0
7
a].   
S
o
 
far 
th
ere 
are 
sev
eral 
ex
p
erim
en
tal 
p
ro
to
ty
p
es 
o
f 
reactio
n
-d
iffu
sio
n
 
an
d
 
P
h
y
saru
m
 
co
m
p
u
ters 
th
at 
ap
p
ro
x
im
ate sh
o
rtest an
d
 co
llisio
n
-free p
ath
s, V
o
ro
n
o
i d
iag
ram
, sk
eleto
n
 o
f a p
lan
ar sh
ap
e, an
d
 co
n
tro
l 
n
av
ig
atio
n
 o
f m
o
b
ile ro
b
o
ts. T
h
ey
 b
elo
n
g
 to
 a class o
f sp
ecialized
 p
ro
cesso
rs, w
h
ich
 are ‘h
ard
-w
ired
’ to
 
so
lv
e ju
st o
n
e class o
f p
ro
b
lem
s.  P
ro
to
ty
p
es o
f u
n
iv
ersal co
m
p
u
ters (ap
art o
f co
llisio
n
-b
ased
 co
m
p
u
ters), are 
p
red
o
m
in
an
tly
 b
ased
 o
n
 g
eo
m
etrically
-co
n
strain
ed
 m
ed
iu
m
, w
h
ere fu
ll p
o
w
er o
f p
arallel co
m
p
u
tatio
n
 is n
o
t 
ex
p
lo
ited
.  
T
h
e co
llisio
n
-b
ased
 co
m
p
u
ters fu
n
ctio
n
 in
 h
o
m
o
g
en
e
o
u
s, n
o
t g
eo
m
etrical co
n
strain
ts im
p
o
sed
, m
ed
iu
m
. 
T
h
ey
 
p
erfo
rm
 
co
m
p
u
tatio
n
 
u
sin
g
 
trav
ellin
g
 
m
o
b
ile 
lo
calizatio
n
s 
(lo
cal 
p
ertu
rb
atio
n
s 
o
f 
m
ed
iu
m
’s 
ch
aracteristics), w
h
ich
 co
llid
e to
 each
 o
th
er, ch
an
g
e th
eir v
elo
city
 v
ecto
rs an
d
/o
r m
o
rp
h
o
lo
g
ical stru
ctu
res in
 
th
e resu
lt o
f co
llisio
n
, an
d
 th
u
s realize fu
n
ctio
n
ally
 co
m
p
lete sets o
f lo
g
ical g
ates.  
B
o
th
 B
Z
 an
d
 P
h
y
saru
m
 co
m
p
u
ters ex
h
ib
it trav
ellin
g
 lo
calizatio
n
s: w
av
e-frag
m
e
n
ts in
 B
Z
 m
ed
iu
m
 an
d
 
p
seu
d
o
p
o
d
ia 
in
 
p
lasm
o
d
iu
m
 
o
f 
P
h
y
saru
m
. 
W
e 
h
av
e 
p
ro
v
id
ed
 
a 
d
etailed
 
co
m
p
ariso
n
 
o
f 
th
e 
m
o
b
ile 
lo
calizatio
n
 
in
 
th
ese 
tw
o
 
ty
p
es 
o
f 
n
o
n
-lin
ear 
m
ed
iu
m
 
co
m
p
u
tes. 
W
e 
h
av
e 
d
em
o
n
strated
 
th
at 
d
esp
ite 
sig
n
ifican
t 
p
h
y
sico
-ch
em
ical 
d
ifferen
ce 
–
 
e.g
. 
B
Z
 
m
ed
ia 
are h
o
m
o
g
en
eo
u
s 
an
d
 
P
h
y
saru
m
 
h
av
e 
o
p
tio
n
al 
‘h
ard
w
are’ lik
e cy
to
sk
eleto
n
 an
d
 m
e
m
b
ran
e –
 sp
atio
-tem
p
o
ral d
y
n
am
ics o
f lo
calizatio
n
 is sim
ilar. A
t so
m
e 
A
d
am
atzk
y
, D
e L
acy
 C
o
stello
, S
h
irak
aw
a 
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 lev
el o
f ab
stractio
n
 tip
s o
f p
seu
d
o
p
o
d
ia in
 P
h
y
saru
m
 an
d
 trav
ellin
g
 ex
citatio
n
s in
 B
Z
 m
ed
iu
m
 sh
o
w
 th
e sam
e 
ran
g
e 
o
f 
ch
aracteristics. 
A
d
v
an
tag
es 
an
d
 
d
isad
v
an
tag
es 
o
f 
B
Z
 
an
d
 
P
h
y
saru
m
 
co
m
p
u
ters 
--- 
o
n
ly
 
fro
m
 
co
llisio
n
-b
ased
 co
m
p
u
tin
g
 p
o
in
t o
f v
iew
 -- are su
m
m
a
rized
 in
 T
ab
le 1
.  B
Z
 co
m
p
u
ters are p
referab
le in
 term
s 
o
f rich
n
ess o
f realizab
le o
p
eratio
n
s (m
easu
red
 in
 n
u
m
b
er o
f d
ifferen
t o
u
tco
m
es o
f co
llisio
n
s b
etw
een
 m
o
b
ile 
lo
calizatio
n
s) 
an
d
 
arch
itectu
ral 
cap
acity
 
(ev
alu
ated
 
o
n
 
a 
n
u
m
b
er 
o
f 
d
ifferen
t 
d
y
n
am
ical 
arch
itectu
res 
em
b
ed
d
ab
le in
to
 th
e m
ed
iu
m
). P
h
y
saru
m
 co
m
p
u
ters are w
in
n
ers in
 term
s o
f m
em
o
ry
 im
p
lem
en
tatio
n
 an
d
 
p
racticality
.   
W
h
at w
o
u
ld
 b
e th
e b
est su
b
strate fo
r im
p
lem
en
tatio
n
 o
f fu
tu
re co
llisio
n
-b
ased
 co
m
p
u
ters –
 p
lasm
o
d
iu
m
 
o
f P
h
ysa
ru
m
 p
o
lycep
h
a
lu
m
 o
r B
elo
u
so
v
-Z
h
ab
o
tin
sk
y
 m
ed
iu
m
? T
h
ere is n
o
 ab
so
lu
te an
sw
er.  A
d
v
an
tag
eo
u
s 
featu
re 
o
f 
th
e 
su
b
strates 
are 
co
m
p
lem
en
tary
, 
an
d
 
a 
ch
o
ice 
o
f 
ex
act 
im
p
lem
e
n
tatio
n
 
o
f 
o
n
e 
o
r 
an
o
th
er 
co
m
p
u
tin
g
 sch
em
e sh
o
u
ld
 alw
ay
s d
ep
en
d
 o
n
 a p
ro
b
lem
 d
o
m
ain
.  
  A
ch
n
o
w
led
g
em
en
ts 
 W
e are in
 d
eb
t to
 D
r. S
o
ich
iro
 T
su
d
a fo
r co
m
m
en
tin
g
 o
n
 v
ario
u
s asp
ects o
f p
lasm
o
d
iu
m
 b
eh
av
io
u
r, 
p
articu
larly
 o
n
 in
teractio
n
s o
f p
seu
d
o
p
o
d
ia.  A
.A
. is also
 ex
p
ressin
g
 h
is sin
cere g
ratitu
d
e to
 D
r. T
su
d
a fo
r 
in
itiatin
g
 h
im
 in
 th
e field
 o
f P
h
y
saru
m
 co
m
p
u
tin
g
.  
 B
ib
lio
g
ra
p
h
y
 
 [A
d
am
atzk
y
, 2
0
0
1
] A
d
am
atzk
y
 A
. C
o
m
p
u
tin
g
 in
 N
o
n
lin
ear M
ed
ia an
d
 A
u
to
m
ata C
o
llectiv
es (Io
P
, 2
0
0
1
). 
[A
d
am
atzk
y
, 2
0
0
3
] A
d
am
atzk
y
 A
. (E
d
.) C
o
llisio
n
-B
ased
 C
o
m
p
u
tin
g
 (S
p
rin
g
er, 2
0
0
3
). 
[A
d
am
atzk
y
, 2
0
0
4
] A
d
am
a
tzk
y
 A
. C
o
llisio
n
-b
ased
 co
m
p
u
tin
g
 in
 B
elo
u
so
v
–
Z
h
ab
o
tin
sk
y
 m
ed
iu
m
. C
h
ao
s 
S
o
lito
n
s F
ractals 2
1
 (2
0
0
4
) 1
2
5
9
–
1
2
6
4
. 
[A
d
am
atzk
y
, D
e L
acy
 C
o
stello
 &
 A
sai, 2
0
0
5
] A
d
am
atzk
y
 A
., D
e L
acy
 C
o
stello
 B
., A
sai T
. R
eactio
n
-
D
iffu
sio
n
 C
o
m
p
u
ters (E
lsev
ier, 2
0
0
5
). 
[A
d
am
atzk
y
, 2
0
0
7
]  A
d
a
m
atzk
y
 A
. P
h
en
o
m
en
o
lo
g
y
 o
f retain
ed
 ex
citatio
n
. In
t. J. B
ifu
rcatio
n
 an
d
 C
h
ao
s 
(2
0
0
7
), in
 p
ress. 
[A
d
am
atzk
y
, 2
0
0
7
a]  A
d
am
atzk
y
 A
. P
h
y
saru
m
 m
ach
in
es: en
cap
su
latin
g
 reactio
n
-d
iffu
sio
n
 to
 co
m
p
u
te 
sp
an
n
in
g
 tree. N
atu
rw
issesch
aften
 (2
0
0
7
). 
[A
d
am
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 D
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. D
e L
acy
 C
o
stello
, B
in
ary
 co
llisio
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 m
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b
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tru
b
in
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9
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b
in
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im
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ran
s. 
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n
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0
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an
d
 
E
n
g
el 
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. 
P
u
lse 
p
ro
p
ag
atio
n
 in
 a 
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o
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el 
fo
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p
h
o
to
sen
sitiv
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o
tin
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o
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 d
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o
n
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. an
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u
y
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. L
. W
in
n
in
g
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ay
s fo
r y
o
u
r M
ath
em
atical 
P
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o
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em
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ress, 1
9
8
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m
, 1
9
6
8
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lu
m
 H
. A
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rm
atio
n
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r ex
tractin
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 n
ew
 d
escrip
to
rs o
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ath
en
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u
n
n
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o
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els fo
r th
e P
ercep
tio
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eech
 an
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isu
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ress, C
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b
rid
g
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9
6
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p
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6
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8
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ter et al., 2
0
0
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ran
d
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ter H
, B
rau
n
e M
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esch
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d
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n
g
el H
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x
p
erim
en
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o
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e d
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elo
u
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h
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tin
sk
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 m
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4
5
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&
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artn
ett, 
1
9
6
8
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C
alab
i 
L
. 
an
d
 
H
artn
ett 
W
. 
E
. 
S
h
ap
e 
reco
g
n
itio
n
, 
p
rairie 
fires, 
co
n
v
ex
 
d
eficien
cies an
d
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eleto
n
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m
. M
ath
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o
n
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5
 (1
9
6
8
) 3
3
5
–
3
4
2
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am
p
 et al., 1
9
3
6
] C
am
p
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. G
. A
 m
eth
o
d
 o
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atin
g
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y
x
o
m
y
cete p
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o
d
ia, B
u
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o
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o
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lu
b
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3
 (1
9
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6
) 2
0
5
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1
0
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t &
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o
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9
41
] C
ou
ran
t R
. an
d  R
ob
bin
s H
. W
hat is M
ath
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x
fo
rd
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ress, 1
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[D
e L
acy
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o
stello
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0
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4
] D
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acy
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o
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., A
d
am
atzk
y
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., R
atcliffe N
., Z
an
in
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.L
., L
ieh
r A
.W
. 
an
d
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u
rw
in
s H
.-G
. T
h
e fo
rm
atio
n
 o
f V
o
ro
n
o
i d
iag
ram
s in
 ch
em
ical an
d
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h
y
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stem
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x
p
erim
en
tal 
fin
d
in
g
s an
d
   th
eo
retical m
o
d
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tern
atio
n
al Jo
u
rn
al o
f B
ifu
rcatio
n
 an
d
 C
h
ao
s (2
0
0
4
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U
n
iv
ersal co
m
p
u
tatio
n
 w
ith
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ited
 reso
u
rces: B
elo
u
so
v
-Z
h
ab
o
tin
sk
y
 an
d
 P
h
y
saru
m
 co
m
p
u
ters (2
0
0
7
) 
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[D
e L
acy
 C
o
stello
 &
 A
d
am
atzk
y
, 2
0
0
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] D
e L
acy
 C
o
stello
 B
., A
d
am
atzk
y
 A
. E
x
p
erim
en
tal im
p
lem
en
tatio
n
 
o
f co
llisio
n
-b
ased
 g
ates in
 B
elo
u
so
v
-Z
h
ab
o
tin
sk
y
 m
ed
iu
m
, C
h
ao
s, S
o
lito
n
s &
 F
ractals (2
0
0
5
). 
[F
ield
 an
d
 N
o
y
es, 1
9
7
4
] F
ield
 R
J, N
o
y
es R
M
. O
scillatio
n
s in
 ch
em
ical sy
stem
s. IV
. L
im
it cy
cle b
eh
av
io
r 
in
 a m
o
d
el o
f a real ch
em
ical reactio
n
. J C
h
em
 P
h
y
s 1
9
7
4
;6
0
:1
8
7
7
–
8
4
. 
[F
ish
er, 1
9
6
5
] F
isch
er, P
. C
., 1
9
6
5
, G
en
eratio
n
 o
f p
rim
es b
y
 a o
n
e-d
im
en
sio
n
al real-tim
e iterativ
e array
,  
J. A
C
M
 1
2
, 3
8
8
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[F
red
k
in
 &
 T
o
ffo
li, 1
9
8
2
] F
red
k
in
 F
. an
d
 T
o
ffo
li T
. C
o
n
serv
ativ
e lo
g
ic. In
t. J. T
h
eo
r. P
h
y
s. 2
1
 (1
9
8
2
) 
2
1
9
–
2
5
3
. 
[K
ru
g
 et al., 1
9
9
0
] K
ru
g
 H
.J., P
o
h
lm
an
n
 L
., K
u
h
n
ert L
. A
n
aly
sis o
f th
e m
o
d
ified
 co
m
p
lete O
reg
o
n
ato
r 
(M
C
O
) 
acco
u
n
tin
g
 
fo
r 
o
x
y
g
en
- 
an
d
 
p
h
o
to
sen
sitiv
ity
 
o
f 
B
elo
u
so
v
–
Z
h
ab
o
tin
sk
y
 
sy
stem
s. 
J 
P
h
y
s 
C
h
em
 
1
9
9
0
;9
4
:4
8
6
2
–
6
. 
[K
u
h
n
ert &
 A
g
lad
ze, 1
9
8
9
] K
u
h
n
ert L
., A
g
lad
ze K
. L
. an
d
 K
rin
sk
y
 V
. I. Im
ag
e p
ro
cessin
g
 u
sin
g
 lig
h
t-
sen
sitiv
e ch
em
ical w
av
es. N
atu
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3
7
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9
8
9
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4
4
–
2
4
7
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arg
o
lu
s, 1
9
8
2
] M
arg
o
lu
s N
. P
h
y
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e m
o
d
els o
f co
m
p
u
tatio
n
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h
y
sica D
 1
0
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9
8
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o
b
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9
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o
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w
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ry
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e p
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iu
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h
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ru
m
 p
o
lycep
h
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m
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1
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n
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d
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sio
n
–
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 m
o
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el 
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y
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m
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n
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 p
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o
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iu
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h
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9
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0
0
0
] N
ak
ag
ak
i T
., Y
am
ad
a H
., an
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 b
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0
0
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b
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b
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. 
[N
ak
ag
ak
i et al 2
0
0
1
] N
ak
ag
ak
i T
., Y
am
ad
a H
., an
d
 T
o
th
 A
., P
ath
 fin
d
in
g
 b
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b
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0
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 o
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b
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b
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 m
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 p
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 d
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p
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. D
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m
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0
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f m
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 p
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 p
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ro
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m
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i d
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x
p
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o
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b
in
ary
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llisio
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s 
b
etw
een
 
w
av
e
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en
ts 
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p
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o
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sen
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B
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u
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v
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h
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. C
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7
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4
] T
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o
, M
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d
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u
n
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.-P
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o
b
u
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d
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h
y
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m
p
u
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g
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B
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S
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0
0
4
) 4
5
–
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d
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et 
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2
0
0
7
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T
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d
a, 
S
., 
Z
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n
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K
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P
. 
an
d
 
G
u
n
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Y
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P
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R
o
b
o
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n
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w
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b
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lo
g
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7
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0
0
7
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1
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2
3
  
[Y
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0
0
7
] Y
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a, H
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ak
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ak
i, T
., B
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er, R
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. an
d
 M
ain
i, P
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0
7
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 d
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w
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o
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. J. M
a
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4
, 7
4
5
-
7
6
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   F
ig
u
re 1
. S
n
ap
sh
o
ts o
f ex
citatio
n
 d
y
n
am
ics in
 o
rth
o
g
o
n
al ex
citab
le lattice w
h
ere ev
ery
 restin
g
 site ex
cites if 
th
ere are ex
actly
 tw
o
 ex
cited
 n
eig
h
b
o
u
rs.  W
e can
 see m
an
y
 lo
calized
 ex
citatio
n
s trav
ellin
g
 o
n
 th
e lattice, 
an
d
 also
 g
en
erato
rs o
f ex
citatio
n
s.  
U
n
iv
ersal co
m
p
u
tatio
n
 w
ith
 lim
ited
 reso
u
rces: B
elo
u
so
v
-Z
h
ab
o
tin
sk
y
 an
d
 P
h
y
saru
m
 co
m
p
u
ters (2
0
0
7
) 
  
1
1 
     
 
 
(a)
 
                                                   (b
)  
 
                                         (c)                                            (d
)      
 
 
 
 
 F
ig
u
re 2
. S
n
ap
sh
o
ts o
f cellu
lar au
to
m
ato
n
 w
ith
 retain
ed
 ex
citatio
n
 ru
les.  F
o
r each
 au
to
m
ato
n
 started
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d
ev
elo
p
m
en
t 
in
 
a 
circle 
rad
iu
s 
1
5
 
cells, 
assig
n
ed
 
states 
at 
ran
d
o
m
. 
(a) 
)
6,
2,
3,
3(
R
, 
(b
)
)
8,
2,
3,
3(
R
, 
(c)
)
5,
3,
3,
3(
R
,  (d
) 
)
8,
3,
3,
3(
R
. 
 
A
d
am
atzk
y
, D
e L
acy
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o
stello
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h
irak
aw
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1
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(a)
                                                           (b
)                                                 (c) 
  F
ig
u
re  3
. G
ro
w
th
-p
o
in
ts in
 cellu
lar au
to
m
ato
n
 w
ith
 retain
ed
 ex
citatio
n
 ru
les. (a)
)
5,
3,
3,
3(
R
, (b
)
)
6,
2,
3,
3(
R
, 
(c)
)
8,
3,
3,
3(
R
 
      
 
 F
ig
u
re 
4
. 
 
D
y
n
am
ics 
o
f 
lo
calizatio
n
s 
in
 
h
ex
ag
o
n
al 
reactio
n
-d
iffu
sio
n
 
cellu
lar 
au
to
m
ato
n
, 
im
itatin
g
 
th
e 
fo
llo
w
in
g
 set o
f q
u
asi-ch
em
ical reactio
n
s (see [A
d
am
atzk
y
 et al., 2
0
0
7
] fo
r d
etails o
f co
n
v
ertin
g
 cell-state 
tran
sitio
n
 ru
le in
to
 a set o
f reactio
n
s):  
 
A
B
→
 
 
A
B
→
3
 B
B
A
→
+
 A
B
A
→
+
2
 A
B
A
→
+
3
3
 
   
U
n
iv
ersal co
m
p
u
tatio
n
 w
ith
 lim
ited
 reso
u
rces: B
elo
u
so
v
-Z
h
ab
o
tin
sk
y
 an
d
 P
h
y
saru
m
 co
m
p
u
ters (2
0
0
7
) 
  
1
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   (b
) 
 F
ig
u
re 5
. T
w
o
 ty
p
es o
f w
av
e d
y
n
a
m
ics in
 ex
p
erim
en
tal B
elo
u
so
v
-Z
h
ab
o
tin
sk
y
 sy
stem
: (a) classical targ
et 
w
av
es in
 ex
citab
le m
ed
iu
m
, (b
) trav
ellin
g
 lo
calizatio
n
s, o
r w
av
e-frag
m
en
ts, in
 su
b
-ex
citab
le m
ed
iu
m
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h
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                            (b
)                               (c)                               (d
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(e)                             (f)                                 (g
)                            (k
) 
                                                             (i)  
 F
ig
u
re 6
. E
x
am
p
les o
f a lo
g
ical g
ate im
p
lem
en
ted
 in
 co
llisio
n
 o
f trav
ellin
g
 lo
calizatio
n
s (w
av
e-fro
n
ts) in
 
n
u
m
erical 
m
o
d
el 
o
f 
B
elo
u
so
v
-Z
h
ab
o
tin
sk
y
 
sy
stem
: 
(a)—
(h
) 
sn
ap
sh
o
ts 
o
f 
w
av
e
-frag
m
en
t 
d
y
n
am
ics; 
(i) 
sch
em
atic 
rep
resen
tatio
n
 
o
f 
a 
g
ate. 
T
h
e 
tw
o
-v
ariab
le 
O
reg
o
n
ato
r 
eq
u
atio
n
s 
w
ere 
in
teg
rated
 
u
sin
g
 
E
u
ler 
m
eth
o
d
 w
ith
 fiv
e n
o
d
e L
ap
lacian
 o
p
erato
r, tim
e step
 
3
1
0
−
=
∆
t
 an
d
 g
rid
 p
o
in
t sp
acin
g
, 
1
5
..
0
=
∆
x
  w
ith
 th
e 
fo
llo
w
in
g
 p
aram
eters: 
0
3
.
0
=
ε
,   
4.
1
=
f
, 
0
0
2
.
0
=
q
, Φ
=
0
.0
4
.  T
h
e d
y
n
am
ics o
f co
llisio
n
-b
ased
 g
ate in
 
(a)—
(h
) rep
resen
t th
e case w
h
en
 b
o
th
 in
p
u
t v
ariab
les h
av
e v
alu
es T
ru
th
. T
h
ese v
alu
es w
ere rep
resen
ted
 b
y
  
lo
cal d
istu
rb
an
ces o
f in
itial co
n
cen
tratio
n
s o
f sp
ecies.  
    
      
y
x
∧
 y
 
y
x
¬
∧
 
x
 
y
x
∧
 
y
x
∧
¬
 
U
n
iv
ersal co
m
p
u
tatio
n
 w
ith
 lim
ited
 reso
u
rces: B
elo
u
so
v
-Z
h
ab
o
tin
sk
y
 an
d
 P
h
y
saru
m
 co
m
p
u
ters (2
0
0
7
) 
  
1
5 
    
 
(a) 
  
 
(b
) 
 F
ig
u
re 7
 (a) 2
0
 m
g
 o
f p
lasm
o
d
ia w
ere p
laced
 o
n
 5
0
 m
g
/m
l cru
sh
ed
 o
at flak
es co
n
tain
in
g
 1
.5
 %
 ag
ar g
el (left, 
n
u
trien
t-rich
 co
n
d
itio
n
) o
r 1
0
0
 m
M
 p
o
tassiu
m
 ch
lo
rid
e co
n
tain
in
g
 1
.5
 %
 ag
ar g
el (rig
h
t, n
o
-n
u
trien
t an
d
 w
ith
 
rep
ellen
t 
p
o
tassiu
m
). 
(b
) 
C
o
n
fig
u
ratio
n
s 
o
f 
p
lasm
o
d
iu
m
 
d
ev
elo
p
ed
 
5
.5
 
h
o
u
rs 
later. 
In
 
th
e 
n
u
trien
t 
rich
 
fav
o
u
rab
le 
co
n
d
itio
n
 
th
e 
p
lasm
o
d
iu
m
 
fo
rm
ed
 
circu
lar 
p
seu
d
o
p
o
d
ia, 
o
n
 
th
e 
o
th
er 
h
an
d
 
in
 
u
n
fav
o
u
rab
le 
co
n
d
itio
n
 th
e p
lasm
o
d
iu
m
 d
ev
elo
p
ed
 b
ran
ch
in
g
 stru
ctu
re.  
    
A
d
am
atzk
y
, D
e L
acy
 C
o
stello
, S
h
irak
aw
a 
 
1
6
 
                      F
ig
u
re 
8
. 
T
y
p
ical 
trav
ellin
g
 
lo
calizatio
n
 
in
 
p
lasm
o
d
iu
m
 
o
f 
P
. 
p
o
lycep
h
a
lu
m
 
o
n
 
n
u
trien
t 
p
o
o
r 
su
b
strate. 
P
lasm
o
d
iu
m
 w
as p
laced
 o
n
 w
et filter p
ap
er, o
at flak
es v
ery
 sp
arsely
 scattered
 o
n
 th
e filter p
ap
er rep
resen
ted
 
so
u
rces o
f n
u
trien
ts. 
                                                     
     
U
n
iv
ersal co
m
p
u
tatio
n
 w
ith
 lim
ited
 reso
u
rces: B
elo
u
so
v
-Z
h
ab
o
tin
sk
y
 an
d
 P
h
y
saru
m
 co
m
p
u
ters (2
0
0
7
) 
  
1
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 m
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 m
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 m
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0
0
 m
in
  
 
5
0
0
 m
in
 
 
 
                      6
0
0
 m
in
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0
0
 m
in
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0
 m
in
 
  F
ig
u
re 
9
. P
ro
p
ag
atio
n
 o
f p
lasm
o
d
iu
m
 o
f P
. 
p
o
lycep
h
a
lu
m
 in
 n
u
trien
t-rich
, 5
0
 
m
g
/m
l cru
sh
ed
 o
at flak
e 
co
n
tain
in
g
 1
.5
 %
 ag
ar g
el su
b
strate. 
   
A
d
am
atzk
y
, D
e L
acy
 C
o
stello
, S
h
irak
aw
a 
 
1
8
 
  
 
F
ig
u
re 1
0
 (a) P
ro
p
ag
atio
n
 o
f p
lasm
o
d
iu
m
 o
f P
. p
o
lycep
h
a
lu
m
 in
 a n
o
n
-n
u
trien
t b
are ag
ar g
el su
b
strate. (b
) 
M
ag
n
ified
 im
ag
e o
f th
e area w
ith
in
 th
e red
 rectan
g
le in
 (a). T
h
o
u
g
h
 th
e p
ieces are co
n
n
ected
 b
y
 b
y
p
assin
g
 
tu
b
es, p
seu
d
o
p
o
d
ia av
o
id
 each
 o
th
er, as th
e g
ap
 b
etw
een
 th
e p
ieces in
d
icates. 
 
U
n
iv
ersal co
m
p
u
tatio
n
 w
ith
 lim
ited
 reso
u
rces: B
elo
u
so
v
-Z
h
ab
o
tin
sk
y
 an
d
 P
h
y
saru
m
 co
m
p
u
ters (2
0
0
7
) 
  
1
9 
             
(a)
 
                                                      (b
)                                        (c)  
                                (d
)                                                          (e)                                     (d
) 
    F
ig
u
re 1
1
.  A
d
am
atzk
y
-D
e L
acy
 C
o
stello
 classificatio
n
 o
f b
in
ary
 co
llisio
n
s b
etw
een
 m
o
b
ile lo
calizatio
n
s in
 
B
Z
 
m
ed
iu
m
: 
(a) 
reflectio
n
, 
(b
) 
fu
sio
n
, 
(c) 
attractio
n
, 
(d
) 
slid
in
g
, 
(e) 
rep
u
lsio
n
, 
 
(d
) 
sh
iftin
g
-slid
in
g
 
[A
d
am
atzk
y
 &
 D
e L
acy
 C
o
stello
, 2
0
0
7
].. 
   
A
d
am
atzk
y
, D
e L
acy
 C
o
stello
, S
h
irak
aw
a 
 
2
0
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7
0
  m
in
                                                           5
6
0
 m
in
 
 
                                6
2
0
 m
in
 
 
 
 
 
 
7
0
0
 m
in
 
      F
ig
u
re 1
2
. In
teractio
n
 o
f p
seu
d
o
p
o
d
ia o
f p
lasm
o
d
iu
m
: 1
 m
g
 o
f p
lasm
o
d
ia w
ere p
laced
 at o
p
p
o
site sid
es o
f 
th
e h
o
rizo
n
tal ch
an
n
el, 1
.5
%
 ag
ar g
el w
as a n
o
n
-n
u
trien
t su
b
strate.  
   
U
n
iv
ersal co
m
p
u
tatio
n
 w
ith
 lim
ited
 reso
u
rces: B
elo
u
so
v
-Z
h
ab
o
tin
sk
y
 an
d
 P
h
y
saru
m
 co
m
p
u
ters (2
0
0
7
) 
  
2
1 
    
 
 F
ig
u
re 1
3
. D
em
o
n
srtatio
n
 o
f p
o
ssib
le sp
ace reu
sin
g
 b
y
 p
lasm
o
d
iu
m
. P
laces w
h
ere liv
in
g
 p
seu
d
o
p
o
d
ia cro
ss 
o
v
er d
ead
 o
n
es are sh
o
w
n
 b
y
 arro
w
s. P
h
o
to
g
rap
h
y
 o
f p
lasm
o
d
iu
m
 o
f P
h
ysa
ru
m
 p
o
lycep
h
a
lu
m
 cu
ltiv
ated
 o
n
 
w
et filter p
ap
er. E
n
v
iro
n
m
en
t is n
u
trien
t p
o
o
r. O
at flak
es are clearly
 v
isib
le o
n
 th
e p
h
o
to
g
rap
h
y
.   
   
A
d
am
atzk
y
, D
e L
acy
 C
o
stello
, S
h
irak
aw
a 
 
2
2
 
     
 
F
ig
u
re 1
4
. A
 series o
f sn
ap
sh
o
ts o
f ex
p
erim
en
tal B
Z
 m
ed
iu
m
, d
e
m
o
n
stratin
g
 sp
littin
g
/b
ran
ch
in
g
 o
f w
av
e-
frag
m
en
ts.  S
n
ap
sh
o
ts are o
rd
ered
 ch
ro
n
o
lo
g
ically
 fro
m
 th
e left to
 th
e rig
h
t, an
d
 fro
m
 th
e to
p
 to
 th
e b
o
tto
m
. 
   
C
h
aractertistic 
B
Z
 
P
h
y
saru
m
  
 
 
 
R
ich
n
ess 
o
f 
o
u
tco
m
es 
o
f 
lo
calizatio
n
 co
llisio
n
s 
+
 
- 
A
rch
itectu
ral cap
acity
 
+
 
- 
M
em
o
ry
 
- 
+
 
S
p
eed
 o
f o
p
eratio
n
s 
+
 
+
 
P
ro
g
ram
m
ab
ility
 
+
 
+
 
P
racticality
  
- 
+
 
 T
a
b
le 1
. C
o
m
p
arativ
e an
aly
sis o
f B
Z
 an
d
 P
h
y
saru
m
 c
o
llisio
n
-b
ased
 co
m
p
u
ters.S
y
m
b
o
l “
-“ in
d
icates in
ferio
r 
ch
aracteristics.  
 
